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REMARKS 

Upon entry of these amendments, claims 87, 89-98 will be pending in the instant 
application. Claim 88 has been cancelled. Support for amendments in claims 87, 89, 91 , and 97 
are at page 10, lines 12-16 and 32-36. Amended claims 87 and 97 now require the egg recipient 
and the somatic cell nucleus be the same species, the scope of which is commensurate with the 
scope of the teachings provided by the specification as indicated by the Examiner, (see Office 
Action page 7). Support for amended claim 97 and new claim 98 is found at page 58, lines 20- 
34 of the specification. 

Thus, no new matter has been added by this amendment. 

Double Patenting 

Claims 87-96 have been rejected under the judicially created doctrine of obviousness- 
type double patenting over claims 1-5 of US Patent No. 5,480,772. In response, Applicant 
submits herewith a terminal disclaimer along with the appropriate fee. Thus, this rejection has 
been overcome and should be withdrawn. 

Claims 87-96 have also been rejected under the judicially created doctrine of 
obviousness-type double patenting over claims 1-14 of US Patent No. 5,651,992. In response, 
Applicant submits herewith a terminal disclaimer along with the appropriate fee. Thus, this 
rejection has been overcome and should be withdrawn. 

Claims 87-96 have also been rejected under the judicially created doctrine of 
obviousness-type double patenting over claims 1-29 of US Patent No. 5,773,217. In response, 
Applicant submits herewith a terminal disclaimer along with the appropriate fee. Thus, this 
rejection has been overcome and should be withdrawn. 

Claims 87-96 have also been rejected under the judicially created doctrine of 
obviousness-type double patenting over claims 1-6 of US Patent No. 6,753,457. In response, 
Applicant submits herewith a terminal disclaimer along with the appropriate fee. Thus, this 
rejection has been overcome and should be withdrawn. 
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Claims 87-96 have been provisionally rejected under the judicially created doctrine of 
obviousness-type double patenting over claims 1-8 of copending Application No. 10/969,646. In 
response, Applicant submits herewith a terminal disclaimer along with the appropriate fee. Thus, 
this rejection has been overcome and should be withdrawn. 

Claim Rejection~35 U.S. C. S 112, first paragraph 

Claims 87-96 have been rejected under 35 U.S.C. § 1 12, first paragraph, for lack of 
enablement. According to the Examiner, "the specification does not reasonably provide 
enablement for any cell or stage of the cell cycle, where the nucleus, the cytoplasms and 
recipient eggs are of different species, and activation without incubation with the cytoplasm or 
development of an embryo." (Office Action at page 7). Thus, the Examiner concludes that the 
specification does not enable any person skilled in the art to make and use the invention 
commensurate in scope with the claims. (See Office Action at page 7). Applicant traverses. 

As an initial matter, Applicant notes that claim 87 has been amended herein to specify 
that the recipient egg is from the same species as the somatic cell nuclei. Additionally, Applicant 
also notes that the specification provides detailed guidance for choosing suitable egg and CSF 
extracts. (See Specification at page 32, line 5 through page 34, line 12). For example, as noted 
in the specification, hardened Xenopus eggs are a good source for preparing an activating egg 
extract. (See specification at page 25, lines 33-35). Moreover, the specification also indicates 
that CSF extracts can also be obtained from non-induced Xenopus eggs. (See specification at 
page 35, lines 23-27). Likewise, numerous publications demonstrate the ability of Xenopus to 
reprogram human cells and sperm (Patent 5,480,772 (Appendix G), Neuber et al Biol of Reprod. 
61 :9 12-920 (Appendix H), and additional data has demonstrated the ability of Xenopus to 
reprogram pig, rat, and chicken sperm, (see specification page 14, lines 8-17). Moreover, 
Applicant notes that cross-species lysates/extracts (e.g., rabbit reticulocytes lysates for in vitro 
translation, and HeLa cell extracts for gel shift assays.) have been used successfully as regents in 
research for many years demonstrating the conservation of proteins between species. Therefore, 
contrary to the Examiner's contention, Applicants submit that the ordinarily skilled artisan would 
be able to practice the method of claim 87 in order to reprogram a somatic cell nucleus in order 
to direct development of an embryo without undue experimentation. 
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Applicant has made a significant contribution to the field of whole animal cloning by 
discovering the critical element of the reprogramming process. Those skilled in the art will 
recognize that the art of nuclear transplantation for the purpose of cloning was already well- 
developed at the time of the instant invention {see, e.g., specification, page 19, lines 5-11, 
describing the cloning of tadpoles). However, prior art difficulties encountered in the cloning of 
animals were the result of reprogramming somatic cell nuclei. The solution to these difficulties 
was discovered by the inventor of the instant invention. Specifically, the inventor discovered 
that contacting a somatic cell nucleus with a cystostatic factor cytoplasm (i.e. an Mil oocyte 
cytoplasm) followed by an activating egg cytoplasm (i.e. an oocyte just prior to S-phase) 
reprograms the nucleus to allow development of a cloned animal (i.e., by eliminating the somatic 
cell patterns of gene structure and function such as methylation patterns), (see specification page 
47, lines 4-6 and pages 28-29, lines 35-36 and 1-9). The fundamental and unique properties of 
Mil cytoplasm were the discovery that provided the solution to earlier problems associated with 
the cloning of whole animals. 

This pretreatment phase is required to alter the chromatin structure and nuclear 
morphology of quiescent somatic cell nuclei. Subsequent treatment in activating cytoplasm is 
ultimately required to allow the chromatin ultrastructure to progress through Mil and thus 
undergo DNA replication and formation of metaphase chromosomes without altering the 
integrity of the genetic information available for normal development. 

The specification contains significant description of methods and experiments necessary 
to practice the claimed invention and establish the key parameters/incubation times to bring 
about nuclear reprogramming in vitro before being employed for whole animal cloning (see 
specification page 14 lines 18-28, Wangh et al J. of Cell Science 108: 2187-2196 (Appendix A), 
Ebert & Wangh Interdisciplinary Environmental Review 1 pg 9 para 3 (Appendix B)). As 
required by 35 USC 112 1 st paragraph, Applicant contends that the specification sets forth the 
preferred embodiment of the invention (use of extracts) which is not meant to limited the scope 
of the invention but to reduce the inefficiency in the art. This statement is supported by the 
recent publication by Sullivan et al. Biol, of Reprod. 70:146-153 demonstrating the more 
efficient production of cows using a cystostatic factor contain extract. (Appendix C) 

The claimed methods have been successfully employed in the somatic cell cloning of 
numerous species including mouse, rat, cat, dog, horse, rabbit, goat, cow, and pig. For example, 
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the concept of this invention has recently been utilized in the cloning of pigs. (See Polejaeva, et 
al., Nature 407:86-90 (2000) (Appendix D); Betthauser, et al, Nature Biotechnology 18:1055-59 
(2000) (Appendix E)). These studies reported the successful production of cloned pigs using 
either a dual nuclear transfer approach or using in vitro maturation to Mil stage oocytes followed 
by NT, then activation. Specifically, Polejaeva et al. used the dual nuclear transfer approach by 
first exposing nuclei to non-activating oocyte cytoplasm and subsequently retransferring the 
nuclei to an activated oocyte (an embryo in mitotic phase) for the generation of cloned pigs from 
quiescent somatic cell nuclei. On the other hand, Betthauser et al., used in vitro maturation of 
the oocyte to achieve Mil oocytes (mitotic phase) followed by nuclear transfer. In addition, 
Campbell and coworkers (Nature 380: 64-66 (1996) (Appendix F)) addressed the importance of 
the different stages of oocyte development and its implication to appropriately target the proper 
cytoplasmic environment required for "reprogramming", thereby ultimately allowing a somatic 
cell nucleus to be totipotent for cloning. 

Independent claims 87, 89, and 91 have been amended herein to specify that the somatic 
cell nucleus is activated by contacting the nucleus with the cytoplasm of an Mil oocyte. The 
Examiner has already acknowledged that the claims are enabled for Mil oocyte cytoplasm. (See 
Office Action at page 9). 

The nucleus and the nuclear membrane is not a static environment but one that allows 
transport of necessary molecules/proteins (e.g., steroid hormone receptors, nuclear factors that 
have been translated in the cytoplasm) and would allow entry of the key factors necessary for 
reprogramming of the somatic cell nucleus. Furthermore, the preferred embodiment of the 
presently claimed invention specifically states that the efficiency of nuclear reprogramming can 
be enhanced by the pretreatment of the nuclei with mild detergent and protease to facilitate entry 
of key molecules into the nucleus, (see specification page 4, lines 33-37). 

The Examiner has indicated that incubation of the nucleus in the presence of activating 
egg cytoplasm is critical to the activation method of this invention. According to the Examiner 
all such critical steps must be included for the claims to be enabled. (See Office Action at page 
8). Applicant has herein amended independent claims 87, 89, and 91 to specify that the somatic 
cell nucleus is also contacted with an activating egg cytoplasm. Thus, Applicant submits that 
these claims, as amended herein, recite all critical steps. 
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Thus, for all of these reasons, Applicant contends that claims 87-96, as amended herein, 
are fully enabled by the as-filed specification. As such, this rejection should be withdrawn. 

The Examiner has also rejected claim 97 under 35 U.S.C. § 1 12, first paragraph for lack 
of enablement. According to the Examiner, "at the time of filing the art recognized that nuclear 
transfer or cloning to produce a term animal was unpredictable. Even if the applicant's method 
results in a reprogrammed somatic cell nucleus, it is documented in the arena of nuclear 
transfer/cloning that a pregnancy does not necessarily mean live births." (Office Action at 
page 9). Applicant traverses. 

Applicant submits that the disclosed invention has been successfully demonstrated to 
reprogram somatic cell nuclei for the production of whole or substantially complete cloned 
animals. To date, many of the problems associated with maintaining pregnancy have not been 
conclusively associated with inefficient nuclear reprogramming. Rather, the problems are likely 
to be inherent in the reproduction of higher organisms (The Scientist, April 25, 2005 vl9(8) pi 3 
1 st paragraph "Normal development is an inefficient process-only 3 1 of every 100 human 
conceptions complete the journey" (Appendix I)) and the mechanical manipulation of 
oocytes/embryos often contribute to the failure to maintain pregnancy. 

Nevertheless, Applicant submits that the instant specification provides the key steps 
required for the production of a cloned organism or a substantially whole organism. {See, e.g., 
specification, page 59, lines 10-15). Moreover, several additional publications have reported the 
successful cloning of pigs and sheep by nuclear transfer. Specifically, Polejaeva et al., cloned 
pigs produced by double nuclear transfer from adult somatic cells; Betthauser et al., 
demonstrated the production of cloned pigs from in vitro systems using similar maturation 
oocyte programming in situ; and Campbell et al, cloned sheep by nuclear transfer from a 
cultured cell line. As noted in Betthauser et al., "We have systematically optimized each step in 
the NT procedure, including the source of oocytes and their maturation in vitro, the culture of the 
donor cells, the activation of oocytes following NT, and the in vitro culture of embryos and their 
transfer to recipients." (Betthauser et al., at page 1055). 

To support this enablement rejection, the Examiner refers to the lack of success in 
cloning rabbits. However, Applicant submits that this lack of success does not necessarily mean 
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that the problems associated with cloning rabbits lies with the reprogramming of the somatic cell 
nucleus. In fact, as supported by Chesne et al. "Cloned rabbits produced by nuclear transfer 
from somatic cells" Nature 20:366-369 2002 (Appendix J), the problem associated with cloning 
rabbits was an asynchrony between embryo and recipient. However, cloned rabbits have now 
been successfully produced by this group of researchers using a rabbit oocyte at Mil stage (i.e., 
using the claimed invention). 

Moreover, in contrast to the Examiner's contention, the claimed methods do not denature 
the chromatin. Rather, the presently claimed methods decondense the chromatin. {See, e.g., 
Specification at page 5, lines 29-32). Those skilled in the art recognize the need for reduced 
DNA damage in order for successful cloning, and the presently claimed methods provide ample 
guidance regarding how to accomplish reprogramming without damaging genetic material, (see 
specification page 6, lines 28-31). 

Thus, Applicant submits that the invention accurately describes methods of effectively 
producing cloned animals through the appropriate maturation program for mammalian oocyte 
development, such that the oocyte will be at a developmental state for successful cloning 
applications. More specifically, the invention outlines the conditioning of the donor nuclei in 
non-activating cytoplasm and an activating cytoplasm. Therefore, Applicant contends that the 
invention is universally useful for cloning procedures. As such, anyone skilled in the art of 
animal embryology would be able to follow the teachings of the instant invention in order to 
successfully produce cloned animals. 

The Examiner has also indicated that claim 97 is not enabled for its current breadth 
because, as of the filing date, cross-species nuclear transfer was not enabled. {See Office Action 
at page 10). In response, Applicant has amended claim 97 to specify that the somatic cell 
nucleus and the recipient egg are from the same species, which Examiner indicated is 
commensurate with the scope of the teachings provided by the specification. (Office Action at 
page 7). 

Finally, the Examiner further notes that claim 97 "also lacks enablement as the only 
means known in the art to produce a new organism is by transferring the nuclear transfer embryo 
into the uterus of a female. An animal will not develop otherwise." (Office Action at page 1 1). 
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Applicant agrees that conditions for directing development of a new organism from an 
embryo include transferring the embryo (in this case, the nuclear transfer embryo) to a uterus of 
a female host (see specification page 58, lines 23-24), and this procedure was a well known and 
accepted step by skilled practitioners in the art of cloning at the time of the invention. As such, 
the step need not be recited by the claim. A patent need not teach, and preferably omits, what is 
well known in the art. (see In re Buchner, 929 F.2d 660, 661, 18 USPQ 481, 489 (Fed. Cir. 
1991)). For example, as early as 1983, studies conducted on nuclear transplantation and 
subsequent development involved transfer to the uteri of pseudopregnant host females for further 
development. (McGrath and Solter, Science 20:1300, 1301 (1983) (Appendix K)). Laboratory 
manuals from 1986 state that embryos from the one-cell stage through to the blastocyte state are 
transferred into the reproductive tract of a pseudopregnant recipient to complete their 
development. (Manipulating the Mouse Embryo, a laboratory manual. Brigid Hogan, Frank 
Constantini, and Elizabeth Lacy, Cold Spring Harbor Laboratory 1986 (Appendix L)). 
Reference materials that teach cloning, such as Manipulating the Mouse Embryo, more 
specifically with oocyte/embryo collection, teach transferring the nuclear embryo separately 
from microinjection, NT, and ES cells because it is generic to all the techniques of cloning. To a 
person of ordinary skill in the art, transferring the nuclear transfer embryo to a host for further 
development was a well-known procedure at the time of filing and would not require undue 
experimentation. Therefore, Applicant believes the claim meets statutory requirements for 
enablement. 

Thus, this rejection of claim 97 should be withdrawn. 

Claim Rejection— 35 U.S.C. $ 112, second paragraph 

Claim 97 has been rejected under 35 U.S.C. § 1 12, second paragraph as being indefinite 
for failing particularly point out and distinctly claim the subject matter which Applicant regards 
as the invention. Specifically, the Examiner has indicated that "[c]laim 97 is to a cloning a 
nonhuman animal, but the body of the claims state 'organism.' This is broader in scope than 
animal." (Office Action at page 12). 

In response, Applicant has herein amended the body of claim 97 to recite "non-human 
animal", as is currently recited in the preamble of the claim. Thus, Applicant submits that this 
rejection has been overcome and should be withdrawn. 
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CONCLUSION 

If there are any questions regarding these amendments and remarks, the Examiner is 
encouraged to contact the undersigned at the telephone number provided below. 



Respectfully submitted, 

Ingrid A. Beattie, Reg. No. 42,306 

Attorney for Applicant 

c/o MINTZ, LEVIN, COHN, FERRIS, 

GLOVSKY & POPEO, P.C. 
Tel.: (617) 542 6000 
Fax: (617) 542-2241 
Customer No. 30623 
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SUMMARY 

Rapid genome replication is one of the hallmarks of the 
frog embryonic cell cycle. We report here that complete 
reactivation of quiescent somatic cell nuclei in Xenopus egg 
extracts depends on prior restructuring of the nuclear 
substrate and prior preparation of cytoplasmic extract 
with the highest capacity to initiate and sustain DNA 
synthesis. Nuclei from mature erythrocytes swell, replicate 
their DNA efficiently, and enter mitosis in frozen/thawed 
extracts prepared from activated Xenopus eggs, provided 
the nuclei are first treated with trypsin, heparin, and an 
extract prepared from unactivated, meiotically arrested, 
eggs. Optimal replicating extracts are prepared from large 
batches of unfertilized eggs that are synchronously 
activated into the cell cycle for 28 minutes (at 20°Q. 
Because the Xenopus cell cycle progresses so rapidly, 
extracts prepared just a few minutes before or after this 
time have substantially lower DNA synthetic capacities. At 
the optimal time and temperature, eggs have just reached 
the Gi/S boundary of the first cell cycle. This fact was 
revealed by injecting and replicating an SV40 plasmid in 
intact unfertilized eggs as described previously. We 
estimate that under optimal conditions approximately 



INTRODUCTION 

Nuclear transplantation experiments are a corner stone of 
developmental biology and have proven beyond question that 
genomes of many types of differentiated somatic cells are 
pluripotent in so far as they can direct the development of 
embryos and larvae containing many types of differentiated 
cells. But in only one instance (Gurdon, 1962) have trans- 
planted nuclei, those of larval tadpole intestinal epithelium, 
been shown to be totipotent. Moreover, no nucleus from a 
post-metamorphic somatic cell has yet generated a post-meta- 
morphic animal. Historically the reasons given for these lim- 
itations are primarily technical (reviewed by Gurdon, 1986). 
It is argued that transplantation itself results in genetic damage 
because most somatic cell nuclei are unable to reenter the cell 
cycle quickly enough to replicate their entire genomes in the 
very short cell cycle of the egg. This hypothesis is supported 
by cytological observations that demonstrate that among 
transplant embryos those that are more advanced have more 



6.14xl0 9 base pairs of DNA/per nucleus are synthesized in 
30-40 minutes, a rate that rivals that observed in the zygotic 
nucleus. 

The findings reported here are one step in our long term 
effort to develop a new in vitro/in vivo approach to nuclear 
transplantation. Nuclear transplantation in amphibian 
embryos has been used to establish that the genomes of 
many types of differentiated somatic cells are pluripotent. 
But very few such nuclei have ever developed into 
advanced tadpoles or adult frogs, probably because 
somatic nuclei injected directly into activated eggs fail to 
reactivate quickly enough to avoid being damaged during 
first mitosis. We have already shown that unfertilized eggs 
can be injected prior to activation of the first cell cycle. 
Future experiments will reveal whether in vitro reactivated 
somatic cell nuclei transplanted into such eggs reliably 
reach advanced stages of development. 



Key words: Xenopus egg extract, in vitro nuclear reactivation, 
quiescent cell nuclei, erythrocyte, red blood cell, DNA synthesis in 
isolated nuclei, heparin treatment of nuclei 



normal karyotypes. In addition, the nuclei of partial blastulae 
are often found upon second transfer to be more develop- 
mentally competent than the nuclei of perfect first transfer 
blastulae. Transplanted nuclei are therefore thought to escape 
major genetic damage if they skip karyokinesis at the first 
mitosis. 

It follows from these observations that if somatic cell nuclei 
were able to enter the cell cycle more efficiently they would 
give rise to advanced tadpoles and even adult frogs more often. 
In order to test this prediction we are attempting to construct 
a new approach to nuclear transplantation in which nuclei are 
reactivated in vitro and are then transplanted into eggs at 
specific points in the cell cycle. We hope in this way to 
guarantee that a larger percentage of transplanted nuclei have 
a chance to direct development to their full potential. 

As a first step toward establishing such a system, we have 
described a unique method for preparing unfertilized Xenopus 
eggs that allows them to be injected either before or after acti- 
vation of the cell cycle (Wangh, 1989). We have also shown 
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that plasmid DNA replicates efficiently in activated eggs if it 
is first injected and incubated in the unactivated egg (Sanchez 
et al., 1992). 

As a second step toward building a new nuclear transplan- 
tation system we have examined in vitro conditions leading 
to efficient reactivation and replication of whole frog ery- 
throcyte nuclei. Nucleated erythrocytes were chosen because 
they are highly uniform, readily available terminally differ- 
entiated cells that resemble mature sperm in many ways. For 
instance, both types of ceils are generated via a series of 
determinative divisions during which much of their 
cytoplasm and its organelles is discarded. At the same time 
nuclei in both types of cells become genetically inactive and 
pycnotic through the accumulation of special histones or pro- 
tamines. In neither case, however, are the resulting quiescent 
genomes degraded, as is the case in apoptotic cells (Ober- 
hammer et al., 1993). 

In fact, as demonstrated by cell fusion (Harris, 1970) and 
nuclear transplantation experiments (Di Berardino and 
Hoffiier, 1983) erythrocyte genomes are clearly intact and 
pluripotent. Immature frog erythroblast nuclei reactivate and 
support early development when injected directly into 
activated frog eggs (Brun, 1978). Even more remarkably, 
whole tadpoles develop when nuclei of fully differentiated ery- 
throcytes are injected into maturing frog oocytes which are 
then induced to enter the cell cycle (Orr et al., 1986; Di 
Berardino et al., 1986; Di Berardino and Orr, 1992). 

In our first report on in vitro replication of erythrocyte 
nuclei we showed (Coppock et al., 1989) that isolated nuclei 
from mature erythrocytes can swell and replicate in cyto- 
plasmic extracts prepared from activated eggs, provided they 
are first subjected to mild trypsin digestion. We suggested 
that trypsin treatment frees the nucleus from constraints 
imposed by its surrounding cytoskeleton and its internal 
matrix. Trypsin treatment, however, has its limitations. For 
instance, the extent of replication was found to depend on the 
extent of trypsin digestion and levels of the enzyme required 
for very rapid replication tend to lyse nuclei causing them to 
clump (Leno and Laskey, 1991; L. J. Wangh, unpublished 
observations). In addition, replication of trypsin treated 
nuclei was not efficient in that complete genome replication 
took many hours. Finally, we observed that different prepa- 
rations of egg extracts varied in their ability to support 
nuclear reactivation. 

These experimental difficulties have now been overcome. 
Nuclei pretreated with low levels of trypsin are able to replicate 
completely and in a short period of time, provided they are 
further pretreated with heparin and with an extract prepared 
from mitotically arrested eggs before being placed in an inter- 
phase extract. Furthermore, batch-to-batch variations in 
cycling extracts have been reduced by carefully defining the 
point in the cell cycle at which extracts are prepared and by 
developing procedures for freezing and thawing extracts that 
do not inhibit synthesis of proteins need for DNA synthesis. 
Finally, our experiments illustrate that the nuclear/cytoplasmic 
ratio governs the extent of DNA synthesis and hence cell cycle 
progression in vitro. We conclude that a reliable and broadly 
applicable system is now available for studying reactivation 
and replication of quiescent cell nuclei. We discuss how in 
vitro nuclear reactivation can be combined with nuclear trans- 
plantation in the future. 



MATERIALS AND METHODS 

Preparation of Xenopus erythrocytes, isolation of their 
nuclei, pretreatment of nuclei with trypsin and heparin 

Xenopus erythrocytes were obtained from large female animals as 
described by Coppock et al. (1989) with minor modification. The 
solutions used to wash cells contained the following mixture of 
protease inhibitors: 0.1 mM TPCK (L-l-tosylamide-2-phenyl-ethyl 
chloromtehyl ketone), 0.1 mM TLCK (JV-a-p-tosyl-L-lysine 
chloromethyl ketone), 0.05 mM PMSF (phenylmethylsulfonyl 
fluoride), 5 u.g/ml leupeptin, and 1 mg/ml SBTI (soybean trypsin 
inhibitor). 

Erythrocyte nuclei were isolated by the lysolecithin/trypsin method 
of Coppock et al. (1989) with minor modification. The final concen- 
tration of lysolecithin was 40 u.g/ml and the final concentration of 
Type XIII (Sigma) trypsin was 0.4 u,g/ml from a stock of enzyme con- 
taining 11,700 units/mg. In some experiments after nuclei were 
treated with trypsin and washed they were suspended in 50 |ig/ml 
heparin (Sigma Grade IT, porcine, 192 units/mg) in NIB buffer and 
were incubated at 4°C for 60 minutes. 

Preparation of egg extracts 

All eggs for extract preparation were obtained, dejellied, and 
'hardened' as described by Wangh (1989). Typically eggs from 10- 
1 5 animals are collected over a period of 4-6 hours and are then sorted 
and pooled to yield 10-20 ml of uniformly unactivated eggs. This 
.approach minimizes frog-to-frog variations and provides sufficient 
quantities of frozen extract to last for several experiments. 

Low speed cytostatic factor extract (CSFi_-extract) 
CSFL-extract was prepared from unactivated eggs that are arrested in 
meiotic metaphase II due to the presence of cytostatic factor. These 
eggs were rinsed at room temperature in EB buffer (50 mM K + 
gluconate, 250 mM sucrose, 1.5 mM MgCh, 10 mM Hepes, pH 7.5 
with KOH), followed by rinsing them in EB buffer containing 5 mM 
EGTA (ethylene glycoI-bis(P-aminoethyl ether)^^VX^-tetraacetic 
acid), pH 7.5 with KOH. Eggs were then packed into polyallomer 
tubes previously treated with diethylpyrocarbonate. Each tube of eggs 
was aspirated as dry as possible and was then mixed with Versilube 
F-50 Oil (General Electric) (0.2 ml/ml eggs) prior to a gentle packing 
spin at room temperature as described by Murray and Kirschner 
(1989). Packed cells were then transferred to a cold (2°C) Sorvall HB4 
centrifuge rotor and spun at 9,000 # for 15 minutes. The entire cyto- 
plasmic supernatant between the yolk pellet and the lipid pellicle was 
collected into a syringe by puncturing the tube just above the black 
pigment layer. The viscosity of this extract was reduced by thorough 
mixing with 50 u,g/ml cytochalasin B and the extract was supple- 
mented with 1 mM EGTA/KOH, pH 7.5, and was then centriruged 
again at 9,000 g for 15 minutes. The second cytoplasmic extract was 
collected and was either used fresh or was supplemented with 7.5% 
(v/v) glycerol and was frozen by sporting 20 fxl droplets onto a block 
of aluminum immersed in liquid nitrogen. 

High speed cytostatic factor extract (CSFH-extract) 
CSFH-extract was prepared as described above except the second 
cytoplasmic supernatant was collected after centrifugation for 2 hours 
at 35,000 rpm in a Beckman SW50.1 rotor. Under these conditions 
membrane vesicles in the extract form distinct layers within the 
cytoplasm, but they do not pellet. All layers above the hard pellet at 
the bottom of the tube were collected along with the clear cytoplasm 
above them. 

ACT-extract 

ACT-extract was prepared from activated eggs that were first 
collected, washed, sorted, and pooled as described above. The eggs 
were then washed three times with activation buffer (4 mM NaCl, 0.7 
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mM potassium gluconate, 10 mM Hepes, 2 mM MgCh, 0.6 mM 
Ca(N03>2, pH 7.4) and were activated for 10 minutes by addition of 
calcium ionophore A23187 to 100 nM. During this step all eggs in 
the population should exhibit distinct animal pole capping. The eggs 
were then rinsed in 1.5x NKH supplemented with 2 mM MgCh, 0.6 
mM Ca(N0 3 )2 (lx NKH is 40 mM NaCl, 2.5 mM KC1, 7.5 mM 
Hepes, pH 7.4) and were incubated for a further period of 0-30 
minutes. After the desired total time the eggs were thoroughly washed 
in ice-cold EB buffer and were then processed in the cold as described 
above for low speed CSF-extract, except that potassium EGTA was 
not added to the first cytoplasmic supernatant. 

Incubation of nuclei In CSF- and ACT-extracts 

For each experiment the required amount of CSF- and/or ACT-extract 
was thawed on ice and was supplemented with creatine phosphate to 
0.4 mM and creatine phosphokinase to 0.4 U-g/ml in a total volume 
not greater than l/10th volume of the extract. Both the low speed and 
high speed CSF-extracts were further supplemented with recrystal- 
lized p-glycerol-P04 to 80 mM and were also supplemented with 
CaCh to a final concentration of 0. 1 mM. Erythrocyte nuclei prepared 
via the lysolecithin and trypsin pretreatment protocol described above 
were added to low speed or high speed CSF-extracts at a final con- 
centration of 2,000 nuclei/ul, or directly to ACT-extract at a final con- 
centration of 200 nuclei/fil. Alternatively, the CSF-extract containing 
nuclei was diluted 1:10 in ACT-extract 

Before being warmed to 23°C each ACT-extract containing nuclei 
was subdivided into aliquots and supplemented according to the 
design of the particular experiment underway. For analysis of rate of 
DNA synthesis extracts received 0.2 jxCi/fil of high specific activity 
[ct- 32 P]dCTP (New England Nuclear). For analysis of the extent of 
replication extracts were supplemented with 300 uM BrdUTP (5- 
bromo-2'-deoxyridine 5' triphosphate) and 300 uM MgCh. For 
analysis of DNA replication by fluorescence microscopy extracts were 
supplemented with 16 uM biotinylated-1 1-dUTP (Enzo Diagnostics) 
and 16 uM MgCh. In some cases extracts were also treated with 
aphidicolin to 50 ug/ml in 0.2% DMSQ (dimethyl sulfoxide), an 
amount sufficient to block DNA replication completely, or 100 ug/ml 
cycloheximide, an amount sufficient to block protein synthesis com- 
pletely. 

Sample collection and analysis 

The above reaction mixture was incubated at 23 °C and was sampled 
and analyzed as follows: 

[ 32 P]dCTP-labe!led DNA and agarose gel analysis 
During the experiment, 5 ul samples were frozen on dry ice. Each 
samples was then thawed and mixed with 7 ul of a sample buffer 
containing 80 mM Tris-HCl, pH 8.0, 8 mM EDTA (ethylene 
diamine tetraacetic acid), 0.13% phosphoric acid, 10% Ficoll, 5% 
SDS, 0.2% Bromophenol Blue and 1.7 mg/ml proteinase K 
(Boehringer Mannheim). After incubation at room temperature for 
at least 2 hours samples were loaded onto a 0.8% agarose gel 
prepared in TAE buffer (40 mM Tris-HCl, 5 mM Na + acetate, 1 mM 
EDTA, pH 8.0 with glacial acetic acid) and were run overnight at 
50 V. This procedure separates incorporated and unincorporated 
label. The gel containing the incorporated counts was washed 
repeatedly in water and was then dried and scanned with a Molecular 
Dynamics Phosphorlmager. 

BrdUTP-labelled DNA and CsCI density gradient analysis 
During the experiment, 5 ul samples were frozen on dry ice. Specific 
samples were then thawed and digested in 445 u.1 of a proteinase K 
solution consisting of 10 mM EDTA, 20 mM Tris-HCl, pH 8, 0.5% 
sarcosyl, 300 ug/ml Proteinase K for 1 hour at 60°C. The sample 
was then adjusted to 200 mM NaCl in a final volume of 500 ml and 
was sheared by passing through a 25 G needle 10 times and a 27 G 
needle 5 times. The DNA was fractionated by diluting it in 3.5 ml 



CsCI in TE (10 mM Tris-HCl, 1 mM EDTA, pH 8.0), final refrac- 
tive index of 1 .4030, followed by centrifuging it for 20 hours at 20°C 
in an SW50. 1 rotor. The resulting gradient was fractionated from 
the bottom into 30-40 100 ul fractions. Those fractions containing 
refractive indices in the light-light to heavy-heavy range were dot 
blotted and probed with 32 P-labelled total Xenopus DNA (Brown et 
al., 1983). 

Biotinylated-dUTP labelled DNA and Texas Red/streptavidin 
staining 

During the experiment, 5 |il samples were mixed with 100 u.1 of 
freshly prepared EGS fixative and incubated at 37°C for 30 minutes. 
Fresh EGS fixative was prepared by diluting a 100 mM stock of 
ethylene glycol-bis(succinic acid N-hydroxysuccinimide ester; 
(Sigma) in DMSO 1:100 into NIB, our standard nuclear isolation 
buffer (Coppock et al., 1989). For staining, 50 u.1 fixed nuclei were 
mixed with 75 u.1 of TR stain and were incubated 90 minutes at room 
temperature. (TR stain is 680 ul 3x NKH and 100 ul 4% BSA (bovine 
serum albumin fraction V) and 7 u.1 Nonidet P40 and 20 ul Texas 
Red/streptavidin (Gibco/BRL).) Each sample was then centrifuged 
onto a coverslip through a cushion of 30% glycerol and was then 
counter stained with Hoechst 33258 stain at 2 U-g/ml. 

FITC anti-lamin staining 

EGS fixed nuclei prepared as described above were stained overnight 
with monoclonal antilamin antibody L6 847 (gift of Dr R. Stick; Stick 
and Hausen, 1985) followed by counter staining with FITC goat anti- 
mouse IgG (Kirkegaard and Perry, Lab. Inc.). 

Measurements of histone H1 kinase activity 
During the experiment, 5 ul samples were frozen on dry ice. Each 
sample was then thawed and immediately mixed with 45 ul of H1K 
buffer (H1K buffer is 80 mM recrystallized p-glycerol-P0 4 , 20 mM 
EGTA, 15 mM MgCh, 1 mM DTT (dithiothreitol), 10 ug/ml 
leupeptin, 10 ug/ml aprotinin, pH 7.3, with KOH.) A 2 ul sample 
was then added to an additional 10 ul H1K buffer and 8 ul of H1K 
cocktail and the reaction was incubated for 15 minutes at room tem- 
perature. (H1K cocktail is 0.4 mg/ml histone HI (Sigma), 10 uM 
cAMP-Dependent Protein Kinase Inhibitor (Peninsula), 100 uM 
ATP, and [ 32 P]ATP at 4 uCi/100 ul cocktail.) At the end of the 
reaction each sample was spotted to Whatman P8 1 paper and was 
rinsed extensively in 1% phosphoric acid and then 95% ethanol and 
was then dried and analyzed using a Molecular Dynamics Phos- 
phorlmager. 

Measurements of DNA replication intermediates in whole eggs 
via plasmid injection 

Unactivated eggs were toughened and injected as described by Wangh 
(1989) and Sanchez et al. (1992). The plasmid was a 7.6 kb construct 
containing the SV40 origin of replication (kindly provided by M. 
Bradley). Plasmid DNA recovered from injected eggs was linearized 
with Sma\ at 30°C, was mixed with 300 ng Hindi digested <pX174 
DNA as carrier, and was run in a 0.4% agarose gel in lx TEA for 22 
hours at 41 V. The region of the gel containing DNA in the 6-20 kb 
range was acid nicked for 15 minutes and was blotted to a Zetaprobe 
membrane (Bio-Rad). Replication intermediates were detected by 
hybridization to the same plasmid 32 P-labelled by the random primer 
technique. These conditions allow the DNA molecules to separate as 
a function of their mass. As a result, the replication intermediates, 
which are larger than unit length linears, migrate at a slower rate and 
form a smear. These intermediates are not seen in experiments in 
which aphidicolin is added to the eggs to block DNA replication 
(results not shown). In addition, these intermediates are sensitive to 
Dpn\ digestion, as expected for partially replicated molecules 
(Sanchez et al., 1992). Two-dimensional gel electrophoresis of 
plasmid replication intermediates was carried out as described by 
Brewer and Fangman (1987). 
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RESULTS 

Trypsin treatment alone Is not sufficient for 
complete nuclear reactivation 

Our original report (Coppock et al., 1989) demonstrated that 
trypsin digestion of non-histone nuclear proteins is required for 
in vitro reactivation of mature erythrocyte nuclei. Trypsin- 
treated nuclei were incubated in either fresh or frozen/thawed 
extracts prepared from eggs activated for 10 minutes (ACTio- 
extract). Nuclei handled in this way swell, acquire egg-type 
lamin, and initiate DNA synthesis in an extract prepared from 
activated Xenopus eggs, provided they are trypsin pretreated 
(Figs 1 and 2). Reactivation in this system, however, is ineffi- 
cient. DNA synthesis only begins after a lag period of about 2 
hours and then proceeds relatively slowly for several hours. In 



addition, some nuclei treated in this way appear to consist of 
a small region of compact chromatin and a large herniated 
region of decondensed chromatin. These observations 
indicated to us that trypsin pretreatment alone is not sufficient 
to precondition the erythrocyte nucleus for efficient reactiva- 
tion and replication. As described below we sought to remedy 
this problem by further altering nuclear structure before initi- 
ating replication. 

Combined trypsin pretreatment and incubation in 
CSF-extract prior to replication 

Two lines of evidence suggested that incubation of trypsin-pre- 
treated nuclei in extracts prepared from unactivated Xenopus 
eggs (CSF-extract) might further enhance their ability to reac- 
tivate and replicate when transferred in an extract prepared 





Fig. 1. 
Swelling, 
replication, and 
lamin 

accumulation in 
erythrocyte 
nuclei 

incubated for 
increasing 
lengths of time 
(in minutes) in 

an extract prepared from eggs 
activated for 10 minutes. Top row, 
nuclei not treated with. trypsin (see 
Materials and Methods); all other 
rows, nuclei pretreated with trypsin. 
Blue, Hoechst stain of total DNA; 
Green, antilamin staining; Red, Texas 
Red/streptavidin staining of 
incorporated biotinylated-dUTP. Bar, 
20 urn. 
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Fig. 2. [ 32 P]dCTP incorporation 
demonstrates quantitatively that 
trypsin-treated nuclei (A), but 
not untreated nuclei (•), 
replicate in activated egg extract 
(see Materials and Methods). 
[ 32 P]dCTP-labelling also 
demonstrates that nuclei that 
have not been treated with 
trypsin but have been pre- 
incubated in a CSFL-extract (■), 
are able to synthesize some 
DNA when transferred to an 
ACT-extract (see Materials and 
Methods). 



from activated eggs. First, Di Berardino and her colleagues 
demonstrated that nuclei of erythrocytes injected into maturing 
oocytes go on to reactivate and develop to advanced stages 
(Orr et al., 1986; Di Berardino et al., 1986, Di Berardino and 
Orr, 1992). Second, we have shown that plasmid DNAs 
replicate efficiently in activated eggs, provided they are first 
injected and incubated in unactivated eggs (Wangh, 1989; 
Sanchez et al, 1992). As described below, this new pretreat- 
ment strategy eventually proved successful. 

As illustrated in Fig. 3, incubation of trypsin-treated nuclei 
in low speed CSFL-extract 30 minutes at 25°C led to subse- 
quent rapid replication, while incubation in buffer alone or 
CSFL-extract at 4°C did not. However, the effect of CSFL- 
extract was not simple since incubation at 25°C for 120 
minutes was less stimulatory than incubation for 30 minutes. 
Microscopic examination of the nuclei showed the reason 
why (Fig. 4). Trypsin-treated nuclei at the start of the reaction 
are spherical and are bounded by a discrete envelope. During 
the initial 30-60 minutes of incubation (depending on the 
potency of the extract) nuclei loose their envelopes and their 
chromatin becomes further compacted taking on a roughened 
appearance. These changes are undoubtedly due to the 
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Fig. 3. DNA replication in trypsin-treated nuclei that were pre- 
incubated in CSFL-extract for different lengths of time and 
temperatures and were then diluted to ACT-extract containing 
[ 32 P]dCTP. CSF pre-incubation times and temperatures: 30 minutes 
at 25°C (O); 120 minutes at 25°C (■); 120 minutes at 4°C (•). 



presence of histone HI kinase activity in the CSF-extract and 
do not occur if 6-dimethylamino purine, a kinase inhibitor, is 
added to the extract (Lee and L. J. Wangh, unpublished). As 
shown below, nuclei in this state proved ideally suited for 
subsequent chromatin decondensation, new envelope 
assembly, and replication once they are transferred to an 
ACT-extract. However, when incubation in CSF-extract is 
continued for 120 minutes, nuclei disperse into chromosome- 
like fragments and no longer serve as efficient substrates for 
nuclear assembly and replication. Subsequent experiments 
revealed that high speed CSFH-extracts are more effective 
than low speed CSFL-extracts in preconditioning nuclei. We 
therefore routinely use high speed extracts and shift the 
incubate from 25°C to 4°C after 30-60 minutes to prevent dis- 
persion of chromosomes. 

Preparation of the best ACT-extract and the timing 
of S-phase in the first cell cycle 

Before we could proceed to a detailed examination of how pre- 
treated nuclei replicate in ACT-extract, we had to establish 
which ACT-extract exhibits the highest DNA synthetic 
capacity. A priori it seemed likely that because activated eggs 
traverse the cell cycle so quickly, small differences in the 









Fig. 4. Appearance of cell nuclei during pretreatment steps. (A and 
B) Untreated control nuclei, note presence of nuclear envelope. (C 
and D) Lysolecithin/trypsin treated nuclei, note presence of nuclear 
envelope. (E) Nuclei incubated in CSFL-extract for 60 minutes at 
25°C plus 60 minutes at 4°C, note absence of nuclear envelope or (F) 
120 minutes at 25°C, chromosome-like fragment. Bar, 10 urn. 
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Fie. 5. [ 32 P]dCTP incorporation into the DNA of trypsin/CSF H -extract pretreated-nuctei that were then incubated in different batches of 
frozen/thawed ACT-extract. These ACT-extracts were prepared from eggs that had been activated en masse with calcium ionophore for 10 
minutes (see Materials and Methods) and were then allowed to proceed into the first cell cycle for increasing lengths of time before being 
crushed. 



timing of extract preparation would have major effects on their 
intrinsic replicative capacity. In addition, differences in the 
synchrony of egg activation might cause batch-to-batch varia- 
tions in extract quality (Coppock et al., 1989). 

We have demonstrated previously that large numbers of 
Xenopus eggs can be amassed and synchronously activated by 
first toughening their vitelline envelopes (Wangh, 1989). We 
therefore used this technique to activate batches of eggs from 
which extracts were prepared and frozen at closely spaced 
intervals. All of these extracts were then tested for their ability 
to support replication in the same trypsin/CSFH-pretreated 
nuclei. The results in Fig. 5 demonstrate that the DNA 
synthetic capacity of ACT-extracts first increases and then 
decreases as eggs proceed through the cell cycle. At 20°C the 
most active extract, ACT28, is obtained from eggs that are 
washed and crushed in ice-cold EB-buffer 28 minutes after 
activation. Nuclei in ACT28 begin replication sooner, replicate 
faster, and replicate more completely than in other extracts. 
Fig. 6 demonstrates that even in freeze/thawed ACT28-extract 
efficient replication depends on ongoing protein synthesis prior 
to the start of replication. Addition of cycloheximide at r=0 
decreases DNA synthesis while addition after 30 minutes, just 
at the start of S-phase, has little affect. 

In light of these findings, we wanted to know what cell cycle 
event takes place in unfertilized eggs 28 minutes after activa- 
tion to account for the high DNA synthetic capacity of extracts 
prepared at this time. In order to answer this question we turned 
to the technique of plasmid DNA injection which we have also 
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Fig. 6. Maximal DNA synthetic 
capacity of frozen/thawed 28 
minutes ACT-extract depends 
on early protein synthesis. 
Control (A): cycloheximide 
added at /=0 (□); cycloheximide 
added at /=30 (O). 



described previously (Wangh, 1989; Sanchez et al., 1992). By 
buffering extracellular calcium levels to 1-2 |iM free Ca 2+ , 
plasmid DNAs can be injected into unactivated eggs without 
triggering the start of the cell cycle. After the prick site heals 
calcium ionophore treatment can then be used to activate these 
eggs and this leads to one or more rounds of plasmid DNA 
replication. 

Several hundred eggs were therefore injected with a plasmid 
derived from S V40 virus and after 5 hours of incubation were 
synchronously activated. Groups of 3-5 eggs were then 
sampled at one minute intervals during the middle of the first 
cell cycle. The plasmid DNA was then recovered and lin- 
earized to establish when partially replicated molecules first 
appear. Fig. 7 shows that replication intermediates begin to 
accumulate about 27 minutes after activation and a high con- 
centration of these intermediates is present between 34 and 57 
minutes. Two-dimensional neutral-neutral agarose gel elec- 
trophoresis (not shown) confirmed that the slowly migrating 
molecules are indeed Cairn's type replication intermediates 
containing bubbles and double-Y structures (Brewer and 
Fangman, 1987). This experiment, together with our in vitro 
assay of nuclear replication above, suggests that right up until 
the start of S-phase the egg cytoplasm synthesizes and accu- 
mulates one or more proteins that promote nuclear reactiva- 
tion. 

Optimized conditions permit highly synchronous, 
complete, erythrocyte nuclear DNA replication 

Now that we had adjusted both nuclear pretreatment and 
extract preparation, we were in a position to examine the entire 
time course of erythrocyte nuclear reactivation and replication. 
Accordingly, nuclei pretreated with trypsin and CSFH-extract 
were then diluted into ACT28-extract and subdivided into 
aliquots. One aliquot received [ 32 P]dCTP for measurement of 
replication kinetics, one received BrdUTP for measuring the 
extent of replication, one received biotinylated-dUTP for cyto- 
logical detection of replication, and one aliquot was set aside 
for analysis of histone HI kinase activity. 

[ 32 P]dCTP-labelling revealed that under these conditions 
DNA synthesis began after a lag period of only 30 minutes, 
rose rapidly until 75 minutes, and then more slowly for an 
additional 75 minutes (Fig. 8A). By 30 minutes all nuclei had 
swelled slightly and had begun to incorporate biotinylated- 
dUTP. As S-phase continued the nuclei swelled to a very large 
size and then began to condense. The chromatin in these nuclei 
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Fig. 7. S V40 plasmid DN A 
replication intermediates begin to 
accumulate about 27 minutes 
after activation and a high 
concentration of these 
intermediates is present between 
34 and 57 minutes. Negative 
image of autoradiogragh. 




pulled away from the nuclear envelope, but the nuclear 
envelopes did not break down. There was no measurable 
histone HI kinase activity throughout this period of time. 
BrdUTP density labelling at 120 minutes revealed that a major 
fraction of the DNA had a heavy-light density, indicative of 
once-replicated DNA. However a significant fraction of the 
DNA still trailed back to the light-light position on the 
gradient, indicating that round-one replication was not yet 
complete (Fig. 8B). 

These results demonstrate that, as compared to our original 
procedure (Figs 1 and 2), our new two-step pretreatment 
procedure (trypsin/CSF-extract) combined with ACT28-extract 
had significantly shortened the lag time before the start of repli- 
cation and had also improved the initial rate of replication. We 
were troubled, however, by the observation that nuclear repli- 
cation proceeded in two phases, was still not complete, and 
failed to progress into mitosis. 

The failure to observe mitosis could be due to the use of 
freeze/thawed extracts which might not synthesize B cyclins at 
sufficiently high rates to activate p34 cdc2 kinase (Murry and 
Kirschner, 1989). However, our extracts were able to generate 
histone HI kinase activity when they were incubated without 
nuclei. This observation indicated to us that the nuclear 
substrate rather than the egg extract was at fault. The failure 
of nuclei to enter mitosis might be due to their failure to 
complete replication, since ongoing DNA synthesis as well as 
inhibition of ongoing DNA synthesis are known to block cell 
cycle progression into mitosis in Xenopus egg extracts (Dasso 
and Newport, 1990). Perhaps one or more proteins of quiescent 
erythrocyte nuclei, like histone HI 0 or MENT protein 
(Grigoryev and Woodcock, 1993), remains bound to chromatin 
and thereby prevents rapid and complete chromatin deconden- 
sation and replication. Reactivation of chicken erythrocyte 
nuclei in activated egg extracts has been shown by Blank et al. 
(1992) to involve gradual histone HI 0 phosphorylation and dis- 
sociation from chromatin, as well as the phosphorylation of 
several other histones. Based on this knowledge we sought to 
enhance erythrocyte nuclear reactivation still further by intro- 
ducing yet another step into our pretreatment protocol. 

Heparin pretreatment enhances round-one 
replication and thereby promotes mitosis 

Heparin is a polyanion and has been used to swell rat liver 
nuclei (Kraemer and Coffey, 1970) and to enhance deconden- 
sation and replication of human sperm nuclei in Xenopus egg 
extracts (Montag et al., 1992). We hoped that heparin treatment 
of trypsin pretreated nuclei would increase both their rate and 
extent of replication after dilution into CSF- and ACT-extracts; 
Fig. 9 demonstrates that this was indeed the case. In addition 
only the reaction containing heparin-treated nuclei exhibited an 
abrupt increase in histone HI kinase activity, a clear indication 
that replication was complete and the cytoplasm was free to 



advance into mitosis. Fluorescent microscopy (not shown) 
confirmed that heparin-treated nuclei swelled and incorporated 
biotinylated-dUTP very rapidly, started to condense their 
chromatin as soon as replication stopped (60 minutes), and 
underwent nuclear envelope breakdown coincident with the 
rise in histone HI kinase activity (120 minutes). When histone 
HI kinase activity began to fall at the end of mitosis {180 
minutes) new nuclear envelopes formed. 

We conclude that the combined three step pretreatment 
procedure (trypsin/heparin/ CSF-extract) followed by ACT28 
extract had, at last, converted quiescent erythrocyte nuclei into 
decondensed structures similar to those of the early embryo. 
The maximum rate of DNA replication achieved in each fully 
reactivated erythrocyte nucleus, approximately 6.14xl0 9 base 
pairs synthesized in 30-40 minutes, rivals that observed in the 
zygotic nucleus. 



DISCUSSION 

Rapid genome replication is one of the hallmarks of the frog 
embryonic cell cycle. Our results demonstrate that efficient and 
complete genome replication in vitro requires chromatin 
restructuring before replication actually starts, as well as use 
of an interphase extract which exhibits a high capacity for rapid 
and sustained DNA synthesis. Our final procedure for in vitro 
reactivation employs three chemically defined pretreatment 
steps followed by two incubations in extracts prepared from 
unactivated and activated Xenopus eggs. This experimental 
system is likely to prove useful for analysis of how many types 
of quiescent somatic cell nuclei reenter the cell cycle because 
it is both flexible and convenient, particularly because egg 
extracts are prepared in advance. 

In the case of mature erythrocyte nuclei restructuring begins 
with gentle cell lysis with lysolecithin which leaves the 
cytoskeleton and nuclear matrix intact. These cell structures 
are degraded with trypsin at such low levels that histone HI 0 
and core histones remain intact (Coppock et al., 1989). Heparin 
is employed next causing the nuclei to swell slightly. Although 
we have not yet examined the biochemistry of this step it is 
likely to involve extraction of histone HI 0 . Blank et al. (1992) 
have analyzed biochemical changes taking place in chicken 
erythrocyte nuclei incubated in activated frog egg extracts. 
They observed that histones HI 0 , H2A, and H4 become phos- 
phorylated and HI 0 is eventually displaced as the nuclei 
gradually reactivate. It is likely that in our system these phos- 
phorylation events, together with nuclear envelope breakdown, 
take place during incubation of nuclei in CSF-extract which 
has relatively high levels of histone HI kinase activity. Nuclei 
incubated for extended periods in CSF-extract dissociate into 
chromosome-like structures demonstrating that they have 
undergone profound structural changes. 
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Fig. 8. Responses of trypsin/CSFH-extract 
pretreated nuclei to ACT28-extract. (A) DNA 
synthesis in [ 32 P]dCTP labelled nuclei. 
(B) Appearance of nuclei (from left to right): t=Q 
nucleus stained with Hoechst and photographed 
with a combination of fluorescent and bright field 
optics; f=30 nucleus stained with Texas 
Red/streptavidin for incorporated biotinylated- 
dUTP; r=120 nucleus stained with Hoechst; /=135 
nucleus stained for lamin (green) and replicated 
DNA (Texas Red). Bar, 10 urn. (C) CsCl density 
gradient analysis of DNA recovered from nuclei 
incubated with BrdUTP for 0 minutes (•) and for 
120 minutes (O). 



Nuclear reactivation in our system is carried out by diluting 
the fully pretreated nuclei into interphase extracts prepared 
from chemically activated eggs that are crushed just as they 
reach the Gi/S boundary of the first cell cycle. These extracts 
contain the highest possible concentrations of all of the factors 
needed to initiate and complete DNA synthesis in the shortest 
possible time. This result implies that fully reactivated nuclei, 
like nuclei of the early embryo, may initiate DNA synthesis 
simultaneously in many closely spaced relatively small 
replicons. Reactivated nuclei go on to complete replication and 
first mitosis. This proves that ACT28-extract is fully cell cycle 
competent, even though it has been frozen and thawed. 

The experiments described here also illustrate the remark- 
able synchrony with which large numbers of Xenopus eggs 
traverse the first cell cycle, provided their vitelline envelopes 
are stabilized and the population is culled of prematurely and 
partially activated eggs (Wangh, 1989). As a byproduct of 
these investigation we have established for the first time that 



DNA synthesis begins in unfertilized Xenopus eggs 27 minutes 
after ionophore activation at 20°C and continues for approxi- 
mately 30 minutes. This is very similar to the timing of pronu- 
clei replication in fertilized eggs that begins 28-30 minutes 
after fertilization and is completed in the next 22-24 minutes 
(Gerhart, 1980). In our system almost fully replicated plasmid 
DNA molecules persist for at least ten minutes after the active 
portion of S-phase ends/This suggests that Xenopus eggs have 
a higher capacity for initiating the replication of circular 
plasmid molecules than for completing it. This observation is 
consistent with our previous finding that many nearly repli- 
cated plasmid molecules are degraded when Xenopus eggs 
enter mitosis (Sanchez et al., 1992). 

Finally, the conditions that we have defined for erythrocyte 
nuclear replication in vitro resemble those used by Di 
Berardino and her colleagues to obtain advanced Rana tadpoles 
from the nuclei of mature erythrocytes. In both cases intact 
nuclei are gently lysed and are then exposed to meiotic 
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Fig. 9. DNA synthesis (•, plus heparin; O, no heparin) and histone 
HI kinase (■, plus heparin; □, no heparin) activity in reactions 
containing nuclei which had and had not been treated with heparin. 
Trypsin-treated nuclei were incubated in the presence or absence of 
50 |ig/ml heparin in NIB buffer for 60 minutes at 4°G and were then 
diluted into CSF H -extract at 2,000/ul followed by 1:10 dilution into 
ACT28-extract containing [ 32 P]dCTP (see Materials and Methods). 
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Fig. 10. A new in vitro/in vivo approach to nuclear transplanation. 
Quiescent (Go) nuclei can be pretreated in vitro with trypsin and 
heparin to generate pretreated (Gp) nuclei. These nuclei can then 
either be incubated in CSF-extract (bottom row) or transplanted into 
unactivated eggs (vertical arrow). Similarly, CSF-treated nuclei that 
have become mitotic (M) can either be diluted into ACT-extract 
(bottom row) or transplanted into unactivated eggs (vertical arrow) 
which are then activated. Finally, nuclei reactivated in ACT-extract, 
either before (Gi) or after (G2) they have undergone DNA synthesis 
(S) in vitro, can be transplanted into activated eggs (vertical arrows) 
either before or after first S-Phase in vivo. The eggs used in these 
experiments can be prepared in advance and held in the unactivated 
egg by stabilizing their vitelline envelopes. They then can be 
enucleated with UV-light and activated by calcium ionophore 
treatment at specific times either before or after receiving a 
transplanted nucleus. 

metaphase egg cytoplasm before they enter the cell cycle. The 
combination of our in vitro replication system with our method 
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for injecting eggs either before or after they are activated into 
the cell cycle (Wangh, 1989), suggests a new approach to 
nuclear transplantation (Fig. 10). Erythrocyte nuclei at any 
stage during reactivation and replication in vitro can now be 
injected into eggs at any point in the cell cycle. Future exper- 
iments will establish whether nuclei that have been precondi- 
tioned for efficient replication in vitro go on to divide and 
direct development. It is of course possible that we still have 
not succeeded in reactivating the red cell genome, even worse, 
that we have introduced new technical problems that artifac- 
tually compromise development. However, if the new in 
vitro/in vivo approach is successful, we should be able to rig- 
orously establish the full developmental capacities of mature 
erythrocyte nuciei. 

Supported by a grant from Integrated Genetics, Inc. We thank Dr 
Christopher Ford for teaching us the histone HI kinase assay. 
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ABSTRACT 

We have developed a novel system for remodeling mamma- 
lian somatic nuclei in vitro prior to cloning by nuclear trans- 
plantation. The system involves permeabilization of the donor 
cell and chromatin condensation in a mitotic cell extract to pro- 
mote removal of nuclear factors solubilized during chromosome 
condensation. The condensed chromosomes are transferred into 
enucleated oocytes prior to activation. Unlike nuclei of nuclear 
transplant embryos, nuclei of chromatin transplant embryos ex- 
hibit a pattern of markers closely resembling that of normal em- 
bryos. Healthy calves were produced by chromatin transfer. 
Compared with nuclear transfer, chromatin transfer shows a 
trend toward greater survival of cloned calves up to at least 1 
mo after birth. This is the first successful demonstration of a 
method for directly manipulating the somatic donor chromatin 
prior to transplantation. This procedure should be useful for in- 
vestigating mechanisms of nuclear re programm ing and for mak- 
ing improvements in the efficiency of mammalian cloning. 

early development, embryo 

INTRODUCTION 

Limitations to the application of mammalian cloning 
technology by nuclear transplantation (NT) are low rates of 
embryonic development, high rates of pregnancy loss, and 
low survival of cloned offspring [1-3]. Substantial effort 
has been put toward characterizing defects in cloned em- 
bryos and offspring; however, information gathered from 
these studies [2-4] has not yet yielded any novel approach- 
es for improving survival of clones. 

Extracts from gametes or somatic cells have been used 
to investigate the dynamics of the cell nucleus at fertiliza- 
tion or during the cell cycle [5, 6]. Notably, extracts from 
mitotic cells have been shown to support disassembly of 
exogenously added nuclei, including nuclear envelope 
breakdown and chromosome condensation [7-9]. In vitro 
nuclear disassembly is compatible with subsequent recon- 
stitution of functional nuclei [9]. Moreover, somatic cell 
extracts containing nuclear and cytoplasmic components 
have been developed to alter chromatin organization and 
gene expression in exogenous nuclei [10] or in permeabil- 
ized somatic cells [11]. 
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The objective of this study was to determine whether 
cloned animals could be produced after manipulating the 
somatic donor nucleus in vitro prior to transfer into a re- 
cipient oocyte. We report that disassembly of somatic nu- 
clei in a mitotic extract followed by transfer of the resulting 
condensed chromatin into oocytes enhances nuclear remod- 
eling. Chromatin transfer (CT) is compatible with devel- 
opment to term and shows trends of improved viability of 
cloned animals. 

MATERIALS AND METHODS 

In Vitro-Produced Embryos 

In vitro fertilization was performed, and embryos were cultured as 
described [12, 13]. 

Nuclear Transplantation and Oocyte Activation 

NT was carried out by fusing donor bovine fetal fibroblasts to enucle- 
ated oocytes [1, 13]. Metaphase stage NTs (M-NTs) were performed in 
nocodazole-containing media (1 p-g/ml) using donor fibroblasts synchro- 
nized in M phase with 1 ix$/m\ nocodazole for 1 8 h. Recipient oocytes 
were activated at 28-30 h postmaturation (hpm) with 5 jiM calcium ion- 
ophore for 4 min followed by 10 u.g/ml cycloheximide (CHX) and 2.5 
\ig/m\ cytochalasin D for 5 h and washed, and embryos were cocultured 
with mouse fetal fibroblasts [13]. For CHX treatment, oocytes were acti- 
vated as above and embryos were cultured with 2.5 \xg/m\ CHX for an- 
other 9 h before culture. For actinomycin D (ActD) treatment, oocytes 
were activated as above except that 5 \x,g/m\ ActD was added to the 5-h 
CHX incubation step and embryos were maintained in 5 ng/ml ActD for 
another 9 h prior to culture. 

Mitotic Extract 

Madin-Darby bovine kidney (MDBK) cells (American Type Culture 
Collection, Bethesda, MD) were synchronized in mitosis with 0.75-1 u.g/ 
ml nocodazole for 1 8 h, harvested by mitotic shake off, and washed twice 
in phosphate buffered saline and once in cell lysis buffer (20 mM Hepes, 
pH 8.2, 5 mM MgCl 2 , 10 mM EDTA, 1 mM dithiothreitol, and a cocktail 
of protease inhibitors) [7]. Sedimented cells were resuspended in 1 volume 
of ice-cold cell lysis buffer, swollen on ice for 1 h, and Dounce-homog- 
enized using a tight-fitting glass pestle. The lysate was centriruged at 
15 000 X g for 15 min at 4°C\ and the supernatant (mitotic extract) was 
aliquoted, frozen in liquid nitrogen, and stored at -80°C. Fresh or frozen 
extracts were used without noticeable differences on the efficiency of nu- 
clear breakdown. 

Chromatin Transfer 

In vitro-matured oocytes were enucleated at 20 hpm. Bovine fetal fi- 
broblasts from confluent cultures were washed in Ca 2+ /Mg 2+ -free Hank's 
Balanced Salt Solution (HBSS; Gibco-BRL; Invitrogen, Carlsbad, CA) 
and permeabilized by incubation of 100000 cells in suspension with 31.2 
U Streptolysin O (SLO; Sigma, St. Louis, MO) in 100 jxt HBSS for 30 
min in a 37°C H 2 0 bath. Permeabilization was assessed by uptake of the 
membrane impermeant DNA stain, propidium iodide (0.1 ng/ml). Per- 
meabilized fibroblasts were sedimented, washed, and incubated in 40 \x\ 
mitotic extract containing an ATP-generating system (1 mM ATP, 10 mM 
creatine phosphate, and 25 jxg/ml creatine kinase) for 45 min at 38°C. 
Aliquots were labeled with 0.1 p.g/ml Hoechst 33342 to monitor chromatin 
condensation. At the end of incubation, the reaction mix was diluted with 
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FIG 1 Dynamics of fibroblast nuclei after NT. A) Immunofluorescence distribution of lamin B, lamin A/C, and TBP in bovine fibroblasts and IVP 
pronuclear (PN), and 8-16-cell stage bovine embryos. Insets = DNA labeled with Hoechst 33342; bars = (left) 10 ym, (right) 50 jtm. B) "mmunoblot 
of lamin B lamin A/C, and TBP in fetal fibroblasts and pronuclear embryos. C) Immunofluorescence analysis of lamin B lamin A/C, and TBP at 
condensed chromosome (CQ and pronuclear (NT-PN) stages in NT embryos. Bars = 10 jtm. D) Immunolabeling intensity of indicated proteins in MPN 
and FPN of IVP embryos and in pronuclei of NT embryos (NT-PN). Data are expressed as mean ± SD ratio of antibody fluorescence over Hoechst 
33342 (DNA) fluorescence intensity. More than 20 embryos/markers were analyzed in 3-5 replicates in (A, C, D). 



500 |xl Alpha MEM/ 10% fetal bovine serum (Gibco-BRL) containing 2 
mM CaCl 2 for membrane resealing, and cells were cultured for 2 h at 
38.5°C. Resealing was monitored by propidium iodide (0.1 u,g/ml) uptake. 
Resealed cells were fused to enucleated oocytes, oocytes were activated 
at 28 hpm, and embryos were cultured as described for NT. 

Embryo Transfer 

NT and CT embryos were cultured to the blastocyst stage in vitro, and 
two embryos were transferred per synchronized recipient female. Preg- 
nancies were monitored by ultrasonography, and C-sections were per- 
formed by independent veterinarians. All animal work was performed fol- 
lowing a protocol approved by the Trans Ova Genetics (Sioux Center, IA) 
institutional animal care and use committee. 

Immunological Procedures 

Goat polyclonal antibodies against B-type lamins (referred to as "lamin 
B" in this paper), anti-lamin A/C monoclonal antibodies, and anti-TBP 
polyclonal or monoclonal antibodies were from Santa-Cruz Biotechnology 
(Santa Cruz, CA). Anti-AKAP95 antibodies were from Upstate Biotech- 
nologies (Lake Placid, NY). Immunofluorescence analysis was performed 
as described [14]. Briefly, ceils and embryos were settled onto poly-L- 
lysine-coated coverslips, fixed with 3% paraformaldehyde for 15 min, per- 
meabilized with 0.1% Triton X-100 for 15 min, and proteins were blocked 
in PBS/2% BSA/0.01% Tween 20. Samples each were incubated with 
primary and secondary antibodies (1:100 dilutions) for 30 min. DNA was 
counterstained with 0.! p-g/ml Hoechst 33342. Photographs were taken 
with a JVC CCD camera, and quantification of immunofluorescence in- 
tensity was performed using the AnalySIS software. When indicated, sam- 
ples were extracted on coverslips with a cocktail of 1% Triton X-100, 1 
mg/ml DNAse I, and 300 mM NaCl in Tris-HCl (pH 7.2) for 15 min prior 
to fixation and immunofluorescence analysis. For immunoblotting, protein 
samples (30 u.g) were resolved by 10% SDS-PAGE, blotted onto nitro- 
cellulose, and probed with indicated antibodies [14]. 



RESULTS 

Behavior of the Donor Nucleus in Nuclear 
Transplant Embryos 

We first investigated the dynamics of components of so- 
matic nuclei during bovine NT. We examined the distribu- 
tion of nuclear lamins, intermediate filament proteins of the 
nuclear envelope, and intranuclear skeleton. B-type lamins 
are ubiquitously expressed [15]. A-type lamins (which in- 
clude the splice variants lamins A and C) are restricted to 
differentiated cells [15] and would not be expected to be 
expressed in preimplantation NT embryos. Lamins anchor 
nuclear membranes to chromatin and may promote nuclear 
expansion after nuclear reconstitution in vitro [16, 17]. Fur- 
thermore, mutations in the lamin A (LMNA) gene cause 
life-threatening diseases in humans [15], suggesting that 
lamins may be involved in the regulation of gene expres- 
sion. Nuclear lamins are also essential for cell survival, as 
failure to assemble B-type lamins leads to cell death [18]. 
As a nonhistone component of chromatin and as a marker 
of the transcription machinery, the dynamics of the TATA- 
binding protein, TBP, a transcription factor for virtually all 
genes [19], was also analyzed. Perinuclear distribution of 
lamin B and colocalization of TBP with DNA in bovine 
fetal fibroblasts and in in vitro-produced (IVP) preimplan- 
tation embryos were consistent with observations in other 
species [20-22] (Fig. 1A). Lamin A/C was not detected 
during preimplantation development (Fig. 1A) as expected 
from a marker of differentiated cells. Immunofluorescence 
data were corroborated on Western blots (Fig. IB). 
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FIG. 2. Characterization of pronuclei in 
NT embryos. A) Immunolabeling intensity 
(mean ± SD) of TBP and DNA (Hoechst 
33342) in pronuclear IVP and NT embryos 
and in fibroblasts after in situ extraction 
with 1% Triton X- 100/1 mg/ml DNAse 1/ 
300 mM NaCl. Labeling intensity is ex- 
pressed relative to that of nonextracted 
embryos (n = 30 embryos or cells per 
group). B) NT embryos were activated as 
(b) described in the text, or (b') in the 
presence of 10 jig/ml CHX or (b") 5 ng/ml 
ActD (n = 30 embryos/group in 2-3 repli- 
cates). Insets = DNA; bar = 10 >i.m. C) 
Ratio (mean ± SD) of immunolabeling in- 
tensity of indicated proteins over Hoechst 
33342 (DNA) fluorescence in embryos ac- 
tivated as in B (n = 15-20 embryos/treat- 
ment/marker). 
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Within 3 h of transplantation of fibroblast nuclei into 
enucleated oocytes, donor chromosomes condensed and ex- 
cluded both lamins A/C and B immunolabeling, whereas 
TBP remained associated with the chromosomes (Fig. 1C, 
CC). Fourteen hours after initiation of recipient oocytes ac- 
tivation, all NT embryos contained fully developed pro- 
nuclei with perinuclear lamin B labeling and TBP colocal- 
ized with DNA (Fig. 1C, NT-PN). However, in contrast to 
IVP embryos, 95-99% of NT embryos also displayed lamin 
A/C expression at the pronuclear stage (Fig. 1C), and ex- 
pression persisted during early development (see below). 
Relative amounts of immunolabeled lamin B, lamin A/C, 
and TBP in pronuclei of NT and IVP embryos were quan- 
tified by measuring the ratio of secondary antibody fluo- 
rescence intensity to that of DNA (Hoechst 33342) to ac- 
count for DNA content (haploid versus diploid) in the nu- 
clei examined. Whereas relative amounts of lamin B were 
similar in pronuclei of NT and IVP embryos, relative 
amounts of lamin A/C and TBP were higher in NT pro- 
nuclei than in male (MPN) or female (FPN) pronuclei of 
IVP embryos (Fig. ID). 

TBP, DNA, and A-type Lamins in Pronuclei 
of NT Embryos 

Higher amounts of TBP in NT pronuclei were associated 
with a greater resistance to in situ extraction with a com- 
bination of detergent (1% Triton X-100), nuclease (1 mg/ 
ml DNAse I), and salt (0.3 M NaCl). Quantification of im- 
munofluorescence labeling intensity in extracted embryos 
relative to that of nonextracted controls shows that -35% 
of TBP remained unextracted in MPN or FPN of IVP em- 
bryos (Fig. 2A). However, TBP of NT pronuclei displayed 
strong resistance to extraction as in fibroblast nuclei (Fig. 



2A). Similarly, DNA of NT pronuclei displayed a 4.5-fold 
increase in resistance to extraction under these conditions 
compared with pronuclei of IVP embryos (Fig. 2A, DNA). 
Altogether, the results suggest a more compact chromatin 
organization in pronuclei of NT embryos compared with 
IVP embryos. 

To determine the origin of lamin B, lamin A/C, and TBP 
in pronuclei of NT embryos, recipient oocytes were acti- 
vated in the presence of the RNA polymerase (Pol) II in- 
hibitor ActD (5 |xg/ml) or with the protein synthesis inhib- 
itor CHX (10 ng/ml) [23]. Assembly of lamin A/C, lamin 
B, and TBP was examined by densitometric analysis of 
immunofluorescently labeled pronuclear embryos. Both in- 
hibitors prevented pronuclear lamin A/C assembly (Fig. 2, 
B and C), suggesting that assembly of these somatic lamins 
in NT embryos resulted from transcription of the lamin A 
gene at the pronuclear stage. Lamin B assembly was not 
perturbed by CHX or ActD treatment (Fig. 2, B and C), 
suggesting that it was assembled from somatic lamins sol- 
ubilized in the oocyte cytoplasm after NT and/or from a 
maternal pool of lamins. Similar amounts of TBP were de- 
tected in untreated embryos or after inhibition of RNA or 
protein synthesis (Fig. 2, B and C). Note that in IVP em- 
bryos, TBP remains undetectable (our unpublished data) 
until the pronuclear stage when it is upregulated (see Fig. 
1A). Thus presumably TBP associated with condensed 
chromosomes in NT embryos represents a carry-over from 
the somatic nucleus, and TBP detected in NT pronuclei 
represents carry-over from the somatic nucleus in addition 
to any pronuclear stage embryonic production. 

A Chromatin Transfer Strategy 

In an attempt to alleviate defects identified in pronuclear 
NT embryos, we developed a procedure for directly ma- 
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nipulating donor fibroblast nuclei in vitro prior to transfer 
into recipient oocytes. Fibroblasts were permeabilized with 
500 ng/ml of the bacterial toxin Streptolysin O (SLO), as 
judged by uptake of the membrane-impermeant DNA stain, 
propidium iodide (Fig. 3A). Permeabilized fibroblasts were 
incubated in a mitotic extract for 45 min at 38°C to promote 
nuclear disassembly and removal of nuclear components 
(Fig. 3B; see below). The fibroblasts were recovered from 
the extract by sedimentation, washed, and cultured for 2 h 
with 2 mM CaCl 2 to reseal the plasma membrane [11] (Fig. 
3, A and B). The resealed fibroblasts containing condensed 
chromosomes (as opposed to intact interphase nuclei; see 
below) were fused to recipient oocytes (Fig. 3B), and oo- 
cytes were activated with calcium ionophore/CHX/cytocha- 
lasin D as described for NT. 

Breakdown of Fibroblast Nuclei in Mitotic Extract 

The mitotic extract consisted of a 15 000 g supernatant 
from a lysate of mitotic MDBK cells and contained an 
ATP-regenerating system. The extract did not induce apo- 
ptosis, as judged by the absence of proteolysis of 
poly(ADP)ribosyl polymerase (PARP) and DNA fragmen- 
tation characteristic of apoptotic fibroblasts (Fig. 4A), and 
thus was suitable to promote remodeling of nuclei. 

The extract elicited ATP-dependent condensation of 
chromosomes, disassembly of A- and B-type lamins from 
chromatin (as judged by immunolabeling of these lamins 
distributed throughout the cytoplasm), and removal of TBP 
from chromatin (Fig. 4B). These events were confirmed by 
immunoblotting analysis of condensed chromatin purified 
from the fibroblasts after recovery from the mitotic extract 
(Fig. 4C; compare lanes 1 and 3). In this experiment, the 
A-kinase anchoring protein AKAP95 [7] was used as a 
marker of a nuclear component that remains associated with 
the condensed chromosomes, as normally occurs at mitosis 
and upon chromosome condensation in vitro [7]. Histone 
H4 was used as a protein loading control in the gel (Fig. 
4C). Disassembly of nuclear lamins and TBP from chro- 
matin in mitotic extract was dependent on an ATP-regen- 
erating system (Figs. 4B and 4C, lanes 3 and 4) and was 
reminiscent of that occurring in mitotic cells (Fig. 4C, lane 
2). Furthermore, immunoblotting analysis of whole per- 
meabilized fibroblasts (as apposed to isolated chromatin 
fractions) after exposure to the mitotic extract showed that 
a proportion of solubilized lamin A/C and all detectable 
TBP were eliminated from the cells and/or proteolyzed 



(Fig. 4C, lane 6). Finally, a control extract from interphase 
fibroblasts (Fig. 4C, lane 5) or cell lysis buffer alone (not 
shown), both containing an ATP-regenerating system, failed 
to promote nuclear disassembly, indicating that nuclear 
breakdown was specific for the mitotic extract. Permeabil- 
ized fibroblasts exposed to mitotic extract and subsequently 
resealed with 2 mM CaCl 2 in the culture medium could be 
cultured over several passages (data not shown). Thus 
membrane permeabilization, incubation of the permeabili- 
zed cells in the mitotic extract, and membrane resealing 
produced viable cells. 

Characterization of Nuclei in Embryos Produced 
by Chromatin Transfer 

Extract-treated and resealed fibroblasts were fused to re- 
cipient oocytes as efficiently (>70%) as nonpermeabilized 
control cells. The donor chromatin was in a condensed form 
at the time of introduction into the oocyte (Fig. 5A, CT). 
In contrast, chromatin of untreated control fibroblasts used 
for NT was still decondensed within 30 min of fusion (Fig. 
5A, NT). Thus resealing of mitotic extract-treated fibro- 
blasts with CaCl 2 prior to transfer into oocytes did not pro- 
mote nuclear reformation in the donor cells. This obser- 
vation was supported by the absence of a nuclear envelope 
around the condensed chromatin in CT embryos immedi- 
ately after fusion, as judged by immunofluorescence anal- 
ysis of lamina and inner nuclear membrane proteins (data 
not shown). 

Immunolabeling of nuclear lamins and TBP in nuclei of 
CT and NT embryos, and immunolabeling intensity of 
these markers relative to DNA fluorescence intensity, are 
shown in Figure 5, B and C. Perinuclear lamin B labeling 
intensity was similar in CT and NT pronuclei. However, in 
contrast to NT embryos, lamin A/C was undetected in pro- 
nuclei and up to at least the 8-16-cell stage in CT embryos. 
CT pronuclei also displayed a fourfold reduction in TBP 
labeling compared with NT pronuclei (Fig. 5C). Pronuclear 
TBP concentration in the mouse has been shown to increase 
during progression through interphase [22]. However, as ki- 
netics of pronuclear formation from donor chromatin con- 
densed in the oocytes or from in vitro-condensed chromatin 
were similar in NT and CT embryos, respectively (unpub- 
lished data), it is unlikely, albeit not formally excluded, that 
enhanced TBP concentration in NT pronuclei was due to a 
more advanced cell cycle stage. Resistance of TBP to ex- 
traction with 1% Triton X-100, 1 mg/ml DNAse I, and 0.3 
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M NaCl was decreased by more than twofold (Fig. 5D), 
suggesting a weaker association of TBP with chromatin. 
Likewise, resistance of DNA to DNAse I was reduced near- 
ly fourfold in CT pronuclei, suggesting that CT favors the 
establishment of a looser chromatin configuration in pro- 
nuclei (Fig. 5D). 

Transfer into oocytes of fibroblasts synchronized in M- 
phase with nocodazole resulted in pronuclei with lamin AJ 
C and TBP levels comparable with those of NT pronuclei 
(Fig. 5C, M-NT); highly DNAse I-resistant DNA; and TX- 
100-, DNAse I-, and NaCl-resistant TBP (Fig. 5D, M-NT). 
Donor metaphase chromosomes, however, were devoid of 
most detectable A- or B-type lamin or TBP labeling as 
shown biochemically (see Fig. 4C, lane 2). Absence of la- 
beling was also evident at the chromatin condensation stage 
3 h postfusion (not shown). Thus structural differences be- 
tween NT and CT pronuclei detected earlier were not due 
to inconsistencies in cell cycle stage of the donor chro- 
matin. We concluded that disassembly of fibroblast nuclei 
in mitotic extract followed by transfer of in vitro-condensed 
chromatin into oocytes enhanced morphological remodel- 
ing of the donor nuclei and alleviated defects detected in 
pronuclei of NT embryos. 

Chromatin Transfer Produces Clones 

CT resulted in development to term of cloned embryos 
(Fig. 6). In vitro development to blastocysts was similar for 



CT embryos (661/5880 cultured embryos, 11.2%) and NT 
embryos (1154/9362, 12.3%; P > 0.1). These figures rep- 
resent data from six different bovine fetal fibroblast cell 
lines cloned both by CT and NT within an 18-month pe- 
riod. Notably, both CT and NT displayed a similar variation 
in the efficiency of development to blastocysts between cell 
lines (data not shown). Likewise, pregnancy rates (not 
shown) and proportions of calves born following transfer 
of blastocysts into recipient females were similar for NT 
and CT clones (11.2% [63/506 recipients] vs. 15.4% [42/ 
273 recipients], respectively, P > 0.1). Furthermore, where- 
as the proportion of live calves at birth did not differ for 
NT and CT cloned animals (9% [46/506 recipients] vs. 10% 
[27/273 recipients], respectively, P > 0.1) across the six 
cell lines tested, the proportion of animals alive and healthy 
at 1 mo postpartum tended to be higher for CT (8.4%, 23/ 
273 recipients) than for NT (5.1%, 26/506 recipients; P = 
0.07; Fig. 6, A and B). Notably, however, CT did not ob- 
viously eliminate variations in development between cell 
lines cloned. Mean birth weight of CT and NT clones was 
not significantly different (data not shown). Altogether, our 
results indicate that CT produces live offspring and shows 
trends of improved viability of clones. 

DISCUSSION 

This is the first report of manipulation of a somatic nu- 
cleus in a cell extract as a step to enhance subsequent nu- 
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FIG. 5. Characterization of nuclei of CT embryos. A) Chromatin morphology (arrow) within 30 min of introduction into an oocyte by CT or NX as 
indicated. Dotted line delineates the oocyte cytoplast. Panels on the right show enlargements of donor chromatin in a CT and NT embryo. Bar - 20 
fxm. B) Distribution of lamin B, lamin A/C, and TBP in pronuclear (upper two panels) and 8- to 16-cell-stage (lower two panels) embryos produced by 
NT or CT. Bars = 20 ^m (n = 20-30 embryos analyzed per marker in three replicates). C) Ratio (mean ± SD) of immunolabeling intensity over Hoechst 
33342 (DNA) fluorescence intensity for indicated protein in pronuclei of NX CT, or M-NT embryos (n ~ 20 embryos/group/marker). D) Immunolabeling 
intensity (mean ± SD) of TBP and DNA (Hoechst 33342) in pronuclei of NT, CT, and M-NT embryos after extraction with 0.1% Triton X-100/1 mg/ml 
DNAse I/300 mM NaCI relative to that in nonextracted embryos (n = 1 5-30 embryos/group). 



clear remodeling in the oocyte and efficiency of mamma- 
lian cloning. Permeabilization of the donor cell, induction 
of nuclear breakdown in a mitotic extract, and membrane 
resealing produces viable cells. The birth of cloned calves 
produced by CT supports this contention. The overall ef- 
ficiency of producing cloned calves by CT appears similar 
to NT. Nevertheless, CT exhibits a trend toward enhanced 
survival of cloned calves at 1 mo postpartum. Moreover, in 
vitro breakdown of the somatic nucleus creates opportuni- 
ties for directly accessing and manipulating the donor ge- 
nome prior to introduction into the recipient oocyte. Re- 
modeling of the somatic chromatin was demonstrated by 
induction of condensation of chromosomes in the mitotic 
extract. This clearly is distinct from a normal mitotic chro- 
mosome condensation, since condensation was elicited in 
fibroblasts from confluent cultures and therefore not in a 
G2 phase. One might anticipate possibilities for altering 
DNA methylation in donor cells prior to cloning to, tenta- 
tively, correct methylation defects in cloned animals [24- 
26]. Similarly, histone modifications might also be manip- 
ulated in vitro prior to cloning, Epigenetic manipulations 
of the donor genome might, speculatively, lead to enhanced 
development and health of clones. 

We have identified several nuclear defects in NT embry- 
os, including assembly of lamin A/C, enhanced pronuclear 
TBP content, and increased resistance of DNA to DNAse 
I. Our results complement recent observations in primate 
NT embryos resulting from somatic cell cloning, which dis- 
play defects in mitotic spindle organization [27]. Abnor- 
malities we observed may result from incomplete remod- 
eling of the fibroblast nuclei and/or from misregulation of 
expression of differentiated cell-specific (e.g., lamin A) 
genes. Remodeling of nuclei in vitro and transplantation of 
condensed chromatin into oocytes alleviates these defects. 
Interestingly, however, transfer of M-phase cells into oo- 
cytes results in pronuclei resembling NT pronuclei with re- 



spect to lamin A/C and TBP expression and TBP anchor- 
ing. Thus chromosome condensation per se is not sufficient 
to rescue the defects at the pronuclear stage, suggesting that 
the cycle stage at which chromosome condensation takes 
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FIG. 6. Development of CT and NT clones. A) Percentages of live clones 
produced by NT and CT 1 mo after birth (percentage of recipient cows). 
See text for details. B) CT clones (Simintal x Angus cross identical fe- 
males) at 5-6 wk of age. 
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place may be an important factor. A hypothesis is that in 
vitro remodeling through condensation of chromosomes 
during interphase alters the "memory" of chromatin or- 
ganization in the somatic nuclei, which mere passage 
through a timely mitosis (i.e., after G2 phase) does not 
achieve [28]. This hypothesis remains to be tested. 

Remodeling nuclei through CT increases DNA sensitiv- 
ity to DNAse I and may promote the formation of tran- 
scriptionally active (or potentially active) chromatin. This 
may, in turn, facilitate expression of developmentally im- 
portant genes. It will be interesting to identify and inves- 
tigate the regulation of genes involved in placental devel- 
opment, maintenance of late pregnancy, and postnatal sur- 
vival. CT also induces repression of lamin A gene expres- 
sion in cloned embryos. In vitro and in vivo manipulations 
of nuclear lamina composition have shown that failure to 
assemble a correct set of lamins invariably leads to apopto- 
sis [18]. Moreover, as lamins interact with DNA, chromatin, 
and the transcription machinery, proper lamina reconstitu- 
tion is likely to be essential for normal nuclear function 
[15, 29] in cloned embryos. 

Chromatin condensation at mitosis or in vitro is associ- 
ated with the release of DNA-bound components such as 
chromatin remodeling enzymes [30], transcription, factors 
(such as TBP), or other potentially inhibitory somatic com- 
ponents. TBP removal from somatic nuclei was also in- 
duced in interphase Xenopus egg extracts as a result of 
ATP-dependent SWI-SNF-complex activity, but was not 
due to chromosome condensation [31]. It is not clear 
whether loss of TBP from fibroblast nuclei in our study 
results from chromosome condensation or SWI-SNF com- 
plex-related activities. In any event, TBP release from do- 
nor nuclei is more efficient under mitotic conditions (in 
vitro or during mitosis; Fig. 4) than under meiotic condi- 
tions (Fig. 1C). Resulting reduced TBP concentration in CT 
pronuclei, however, reflects dynamic transitions in nuclear 
structure and function [31]. In particular, removal of TBP 
from donor somatic chromatin may facilitate the repression 
or down-regulation of somatic-specific genes in CT embry- 
os, which may impair development. An implication of re- 
moving factors from the donor nucleus is that loading of 
maternal components onto chromatin and subsequent re- 
modeling into a physiological pronucleus may be facilitat- 
ed. 

In conclusion, we demonstrate that it is possible to re- 
model a somatic nucleus in a cell extract and produce live 
offspring. In vitro manipulation of nuclei for cloning or 
transdifferentiation purposes [10, 11] may constitute a use- 
ful tool for investigating the mechanisms of nuclear repro- 
gramming. CT shows a trend toward improved viability of 
clones. Additional manipulation of the system might lead 
to further improvements in the efficiency of mammalian 
cloning. 
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Since the first report of live mafrUftO* ptfefaccd by^ nuclear ! 
transfer from a tnJwed dljffwAtiated cell population in 1995 , 
(ret 1)» successful devdoprja^nt has been obtained in sheep'-*, ! 
cattle 4 , mice* md go^ts 4 ^$ing a variety of somatic cell types as i 
nuclear do*XOK± The methodology used for emfcryo reconstruc- 
tion in each of these species is essentially slmflan diploid donor 
nudetttOTe been trajisplantcd Into enucleated MI! oocytes that 
are artrrijted on, or aftrr transfer. In sheep 1 and goat* pte- 
actreated docytea have also proved succe$s&d *$ cytopWt recipi- 
ents* ?%gJf€oonstructed embryos are then cultured and selected I 
embryos transferred to surrogate recipknts For development to 
term. In pigs, nuclear VCAitefa Jm becu wgnific^ntlyieK success- \ 
ful; a single piglet was reported after transfer of a blastomere \ 
nucleus from a four-cell embryo to an enucleated oocyte 7 ; how- 
ever* no live offspring were obtained in studies using somatic cells 
such as diploid or ncutotfc fetal fibroblasts as nuclear donors 0 . 
The development of embryos reconstructed by nuclear transfer is 
dependent upon a range of factors. Here tve tnresggatc some of 
these factors and report the successful production of cloned 
piglets from a cultixred adult smnatic tell population using a 
new nuclear trtraafer procedure. 

To date, the efficiency of somatic ceH nuclear transfer, when 
measured as development to- term as a proportion of oocytes ased, 
has been very tow ( 1-2%)^ A variety Of fectors probably contribute ■ 
to this befficiency. These indude laboratory to laboratory varia- i 
tion, oocyte source and »quality, methods of embryo culture {which j 
are more advanced in some species (such as CCrw$) tban others (such j 
as pigs)), donor cdl type* po»ible lo» of somatic unprinting in the j 
nucki of the reconstructed embryo, failure to reprogram the j 
transplanted nucleus adequately* and finally, the failure of artificial j 
methods of activation to emulate rcproducib^ those crucial rncm- ! 
braoe-medUted eveots that accompany fertilization. j 

mme^mereisoheadcUtionaldiffic^^ I 
quality embryos are required to Induce and mawtaSn a pregnancy 11 . ; 
As fully developmentally competent embryos are rare in nuclear j 
transfer procedu ra, there is every charge ?f scjuaudcnng those gwd 
embryos anless very large numbers of fecodstrucied embryos are 
transferred back into recipients. Even if it were possible in the pig to 
select good quality blastocysts for transfer (after, for example, the 
use of a temporary recipient), most blastocysts formed from 
reconstructed embryos in other species are' not competent to [ 
proceed to term 10 . Th€ co- transfer of reconstructed embryos with J 
'helper*, urjurrjanipuktcd embryos, parthenotes or tetraploid j 
embryos has been suggested as an aid to inducing and maintaining , 
pregnancy. However, studies in mke after zygote poonuckar mjec- j 
rion have suggested that the manipulated embryos are 'compro- 
mised' and selected against 52 . An alternative to the use of 'helper' 
embryos is the hormonal treatment of recipient sows to maintain 
pregnancy with low embryo nwmbeis 1 * 

vvc cannot ennfenfy address all of the melhodfio^cal 
problem^ an<t W irn^ve our chances of success in p^ nuclear 
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Rgure 1 Representation # (he doutfe rode* U4/&$u rocedure far ftw production of 
■tettepigtete using cited adult soma*: -ywfo$a Cete as nuctear dorwu The outer 
circle in all tie oocytes and embryos dsnctas the zona peJIuciaa.; If* inner Cirtte derates 
foe c«!) mamtrane. 



_tram£er> we chose to focus OH four areas: activation, choke of 
doctor cdi, embryo culture* and induction and maintenance of 
pregnancy* 

fn ail specie, when using MH oocytes as recipients, the method 
of activation is crucial Jor subsequent development, hi the pig, 
i although current activation protocol* stimulate proouclcar 
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agure 2 a wter of five live pjgf«ts dertved oy mjciear transfer using cufoirerf adutt j 
granufcsa cells as nuctordo^ | 
tto surrogate sow. | 



formation, cleavage, and development to the blastocyst stage; 
both the frequency of developnvflt and the quality of the embryos 
produced are low** A system that involves the u$c of fertilized 
zygotes as cytoplast recipients would bypass the u^ffieiendes of 
artificial activation poc***Wo and might promote more successful 
development The technique of proaudear exchange between 
zygotes showed that the* manipulation* involved were compatible 
with development 15 ; however, when donor nudei from later devel- 
opmental stages were transferred there was restricted 
development 1 *. One explanation k that fectftre required for devel- 
opment, which are absent in the donor nudei are removed with the 
pronuclei But if a prooudeus-iike structure could be produced 
from the donor nudeus, this might prove a suitable nuclear donor 
for transfer. Such a system was described in mice by Kwon and 
Kono 17 , who first fused mitoticahy arrested Mastoinere nudei with 
enucleated Mil oocytes. The reconstructed oocytes were subse- 
quently activated in the presence of cytochalasin B» preventing polar 
body extrusion and resulting in the formation of two diploid 
pseudo-proauclei. Each paendo-pronudeus was then transferred 
into an enucleated, in vivo produced zygote, which was transferred 
into a surrogate recipient for devdopment to term. BffectiwJy, this 
latter procedure mimics proaudear exchange and allows the 
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formation of a final reconstructed one-cell embryo whose 
membrane has been activated during fertilisation. 

The use of cultured cell populations for tbe production of animate 
by nuclear transfer i* now well documented in a number of species 
We have considerable experience in the production of sheep and 
cattle from primary cefl populations and genetically modified 
primary cell populations. Analysis of these studies has shown 
considerable variation in development between individual cdl 
populations and at present has provided no definitive method for 
the identification of «U populations that are suitable for nuclear 
transfer. Factors that are thought to influence the suitability of a 
particular cell population include the effects of oxidative damage 
uttoctfted with cellular metabolism, genome instabilities and chro- 
mosomal pathologies. All of these factors may be influenced by the 
method of isolation and culture, and the number of population 
doublings in culture. On consideration of these factors and our 
previous observations, we chose to use granulosa ceils as uudear 
donocs- Granvlow cells are suitable nuclear donors in cattle* and 
require the minimum of manipulations to establish in culture. 
Because of differences between cell populations, we IninaUy decided 
to use a pool of cells isolated from a group of four donors- In later 
esrnerjuneotS, cell populations from individual animals were also 
rxaininecL To minimize the culture period, early passage, never- 
frozen cells were used* 

For embryo reconstruction, we attempted to minimize the 
potential inefficiencies at each step of the nuclear transfer procedure 
and adopted an approach that (1 ) uses in vivo derived material, (2) 
seeks to avoid artificial activation, and (3) mfouniz*$ tjie period of 
in vitro culture of manipulated embryos. To do this we used a two- 
stage nuclear transfer procedure modified from Kwon and Kono 17 
f Fig. %)« in the fott stage, donor cells were rused to in vrVa derived, 
enucleated Mil oocytes obtained from superovukted crossbred 
^Its. The pseudo- pronucleus formed m the first nuclear transfer 
embryo was then subsequently transplanted into an in two pro- 
duced, enucleated zygote (second nuclear transfer embryo). The 
second nuclear transfer reconstructed embryo was transferred to the 
oviduct of a synchronized sow within 2 b of fusion. Because of the 
expected low developmental rate, we transferred up to 100 recon- 
structed embryos to a single recipient Each recipient was treated 
with pregnant mare serum gonadotropin (PM5G) and human 



chorionic gonadotropin (hCG) to maintain pregnancy 3 in the j 
event that fewer than four reconstructed embryos were viable at j 
implantation. | 
Coordination of the cell-cycle stages of the recipient cytoplasm ? 
and th« donor nucleus are essential for mabtaining correct ■ 
ploidy and preventing DNA damage in uudear transfer recon- 
structed embryos 1 *. Various eombfoatious of donor and recipient 
cell-cycle stages can prevent DNA damage and uncoordinated DNA ; 
replication* and result in formation of> pseudo-pronucleus. It has j 
been suggested that the use of &hi oocytes may improve 're- j 
programming' of the donor genetic material owing to the occur- | 
rence of nuciear envelope breakdown and premature chromosome ; 
condensation, thus exposing the donor chromatin to maternally ! 
derived oocyte factors involved in early development. To take 
advantage of this here, we used MD oocytes as cytoplast recipients 
for the first nuclear transfer embryo reconstruction. To maintain 
ploidy in this situation, we <hc*e diploid do™>r nuclei as nuclear 
donors* 

Previous studies have suggested that diploid ceils arrested in the 
GO phase of the cell cycle may be beneficial 1 . Using flow cytometry, 
we examined the cell-cycle distribution of porcine granulosa cells 
under three different culture conditions sub-confluent actively 
growing* 100% confluent, and cells starved of serum for 48 hours 
(sec Figure in Supplementary Information). After serum starvation, 
the population contained a large proportion (7_2%) of ccJU with a 
DNA content lower than that consistent with a diploid cell (termed 
sub-Gl). Jn contrast, in the population synchronized by contact 
jtahfoition, 90 3% of the cells had a diploid DNA content (Gl/GQ) 
and there were fewer sub-Gl cells (1.6%). We analysed DNA 
synthesis in serum-starved and comact-inhibited cell populations 
by 5-bromo-2'-dc<wyiiridbe (BrdU) incorporation- These experi- 
ment* revealed that 45% of the contact inhibited cefi population 
compared with 0% of the serum-starved population incorporated 
BrdU An analysis of BrdU ^corporation after an additional 24 h of 
contact inhibition revealed that the fraction, of BrdU-poskive cells 
was reduced to 5%. These obieivatiotis suggest that the <%lotd ccfis 
in the contaa-unhibited granulosa cell population used as nuclear 
donors for embryo reconstruction contained a mixture of cell-cycle- | 
arrested diploid cells (G1/G0) and unarrested diploid cells (Gl), j 
which were abte to undergo a further round of DNA synthesis. In j 
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J contrast, when tJk serum-star/ed populations weft used as nuclear 
dooors most the diploid cells were cdl-cyd? arrested (Cl/GO), 
Production of the first nuclear transfer embryos requires activa- 
. tion of tix in vivo derived oocytes. ActJv?tjon experiments carried 
j out in control oocytes showed that electrical stfmttktioo applied 
' between 51.5 and 60 h after hCG administration, promoted Similar 
cleavage and development to blastocyst (see Table in Supplementary 
| Informatipa). For embryo reconstruction. Mil oocytes were col- 
f leaed 4^-54 h after hCG and the first nuclear t/anfer embryo 
; reconstruction was carried out between 50 and 5Sh arte* hCG. 

Reconstructed embryos were cultured overnight in NC5U-23 
j medium 2 *; we then checked them for the presence of a pronucleus 
| and used thern for the second nuclear transfer embryo reconstruc- 
tion. The development of single nuclear transfer and double nuclear 
i transfer embryos reconstructed trora contact-inhibited and serum- 
I starved granulosa populations were compared (see Table I ), In total, 
J 185 single nuclear transfer embryos were transferred to 3 recipient 
: sows and 4(M double noc^r. transfer embryos to 7 recipients. TWo 
recipients of the double nuclear transfer embryos became pregnant 
as determined by ultrasound visualization of fetuses at day 35 of 
gestation. One of these maintained the pregnancy to term, and five 
piglets (Fig. 2) were delivered by Csesarean section on day 1 16 of 
gestation. The average birth weight of the piglets was 2.72 lb (range 
2.28-3.05 lb); this is about 25% k>w«r than that observed in the 
same population of pigs under natural mating conditions (average 
litter size average 10.9, average birth weight 3 .6 lb> range 3.3-3. 9 !b). 

The live piglets were produced from a pookd population of cells 
derived from four animals. We carried out mkrowteflite analysis of 
geridroic DNA from the various samples (Table 2). The comparison 
of the pattern of alleles in the piglets with mar of the granulosa cell 
populations indicated that three of die oodesr transfer piglets 
(NTP1, NTF2 and NTP3) were derived from the porcine granulosa 
(PGR)l/ceUEne,»there was 100%idendtyatafl i^microsatellitfi 
markers. The other 2 nuclear transfer piglets (NTP4 arid 
showed perfect identity with the genotype of the cell 
population. Afl five of the nuclear transfer piglets were significantly 
Afferent 6om the surrogate mother (54BX Some of the loci (SCG59, 
SO07O, SO 122 and TNFB) were not highly polymorphic indicating a 
degree of homogeneity or inbreeding within the population of pigs 
used in these studies (all of which come from the same commercial 
.! supplier). 

[ We think that the principal reasons for the success of this 
modified nuclear transfer procedure in pigs is its lack of reliance 
on current artificial activation, protocols and in vitro culture 
1 techniques. Although elaborate, the double nuclear, transfer does 
| not add another major inefficiency (the second step fusion is very 
; efnoeat). Direct transfer <?f a somatic nucleus to an enucleated 
1 zygote vviB nor work because (in addition to reprogirarnmirjg 
; difficulties) of the loss of important factors sequestered within the 
| removed pronuclei The cell population used successfully as nuclear 
; donors in these cipcrirnents mkiz not quiesced by serum starvatjon. 
- Cell-cycle analysis showed that mo^t cells in control cultures had a 
'■ diploid DNA content* and a high percentage were able to undergo a 
further round of DNA synthesis suggesting that most cells in the 
r population were in the Gl phase of the cell eyrie and not arrested in 
• GO, All five of the pigs* now three months old, are extremely healthy* 
in contrast to the (usual) 50% postnatal Joss of nuclear transfer 
animals'*. It is tempting then to speculate that this modified method 
may have general utility in other species, even those where single 
I nuclear transfer has been shovm to work, 
j The successful development of nuclear trarwfer in pigs opens 
I the doctf far the application of g£tfc- targeting tcrhnology, thus ' 
! aJIowmg.fpt very .precise gerxerjc modrfkatio^ jm^cfadrrig 
| ijwckoutfc W$ have receniiy reported gene ttr^eting in, culrrm^T 
i Ovine somatic cetfs and the successful development to teria if'", 
j offspring produced by. nuclear t^tefe cang tb^^cJfc 2 ^ In pigs, 
I a gene of ^great interest for the appfckauon of kDo^cout teehnology : 



is that for a- 13-galactoeyi transferase (a-l,3-0T) — the enzyme s 
responsible for adding the xenogeneic sugar, galactose a- t>3-g*kc- ; 
tose, to the surface of porcine cells. This gene is inactive in certain 
monkeys and humans* and their blood contains anti-gal antibodies, i 
which trigger (in mooJkey^) early rejection of transplanted organs 21 . I 
We have achieved targeted disruption of the o>l,3-GT gene in : 
primary porcine cells (unpublished data) and this will allow the 
production of a-13-CT-detkient pigs, whose organs should show j 
improved resistance to rejection, pwercoming axitibody^medlated ' 
rejection is the 6rst critical step in improving xenograft sujrvivat, 
towards the ultimate goal of providing an unlimited supply of 
compatible pig organs for human transplanutson. G 

i 

Methods 



Mfldrfted mstJhmi 

The pubtbhetf MCSU-23 m«4iura s taodifini fbr use is a phospha^buifered 
benchtop medium wftbovt NtHCOv rtws\vk>pcal pH phoiphatr buffer is made mfag * 
3j1 molar ratio of dlbuk to j^ooobaoc phosphate aruow. The* change* induced 
alterations in th* Na vnA K cooctofaatioask Akh were corrected by adjusting the NaCt 

born Sigata tinlcs otherwise ooterf). 

Superovula&m of donor pRa for coltection of oocytes and Zygotes 

Cro&bttd phs (280-320 fbfl) wt» jpKhroniwd by otal ^jrainistration of IS-20 
F^tt-Matc CAftrenogtsx, HoechstJ ctkctJ into thx iced. R«gD-Mjt* utw fad Jfor 5-i4d 
using j sdiMM dqwudtat oa uw of the o«Strftti*«7cfe. JEstruewto (250 gig, Bxy*r) 
\fiA ddminirtcretf irttranuscyJixtjr flm) the hot day o( tfie ftegti-MnEe treatment 
Sop<io vuUtfco wis induced with a rijigje j-oR. wjsoicfl of 1*±QQ IU of PMSG IUwbttUK) 
15- ] ?h aft*r the fast ftjegu-Matc feeding. One thousand mfts of hCG {Intern* America) 
wmwfcmnastaetjUn, »2h after At PMSG inaction. 

Vkfc cofieoed oocytes 46-S4b aA« 6cbCG mjtc&m by icwrse flash of cteovvtatt 
using pK-ixanpe^ 3CMbo?w'» gboq&tfe b«fifertd st&ne <PBS) exurtaining bonne wra* 
aBiwwn (BSA; *g r 1 ). tp^ fee wSectks of t^otesv 24-» d «ft« oV hCG uj^dion tbe 

cwiito 5^-54^ after *clK^fc^<aJc^ " 

fcofatfoA and cite* *J poictoa snmulosa «Bs 

fenicafcx Boid i«aft aspirated hvm 2-S-oim dbtyvict foHikfcs of supcxtmtlased cron^rod 
gOu (Larpc While (1/2), binds** 0/4), WbiteDuroc ( 1/4);, 7-$ EnosUxott 2£ 
^Sl b post fcCG b^cotsu). QroroJo3& otfo me oaflccto! by ctstnlusztion aA 1.040; for 
10 fflin» te-swpcBded in t>MEM (Gi3bco>, ooolaiabis 10% feutcjjf *erom (PCS; Snnki^i 
Biotech^ 0-1 mM mw^o^kmJ amSoo eotk <KEAA G0>cq>, 2 flgittT 1 bnajc itbiobkst 
gwvoh factor (bfOF\ CBe4^K> t&iswTO) a o<J^^I mT 1 GcotaroTdn (SigraaK Ceils woe 
ezpuxkd &ar ftnrtral dsr)^ and lb«i<Tyo-ffeser*«l 

for oueJear tnnsfeT, v« pUtat tbe granulosa celb at J-3 •< 1(7* cdls per 35 mm -dish, in 
DMEM maHuftj ^plracued vith (0J mM}, bFGF <2 ngmT') and 10^ PCS, 
a«l cultured them to IUC% <ooflnjCfttfy u 37 *C Forejpcnmcno wiwre sarum ftuvatjon 
W4* eraloated, cefls wffe Slaxvei o/j«raja for 4S~72hm DMEM containing 0.5** fCS. Wk 
collected s*2» by try^«xi«xio« *o<i watil them io ^u^>ensU>Q ji itwliHcti NCSU-23 
pbosf hate TwrdJuro « WlS *C for 20-120 mm before vsc s pucjeaj donors. 



Acfivatkw of oocytes 

Aetsvatioa of control owy i« was adbebe^ed tpplieation of wo J.O^V* cm" 1 DC clcdnc 
pnhes fof 60 pa each at wz ixjtrvsJ of ? t in itaJvatio/i avdiuoi \0J M D-*?rbjtp< 
««pples3oenUd vnth ai mM Mjj $0^ ajrf a05mM C4<3 2 in P 2 0), 

RocoriStracriOrt ol first nadsaf frarrs*er embryo 

Recovered oocytrrj were washed in PBS containing 4 g f* 1 B3A at 5S*C anrf uransifcrred to 
caJaum-frer poospbALe-DttflVca medium it 38 J C for trangwrt to the 

laboratory. For eaueleatjwo,. *e uioibejtog the oocyte^ io eddum-fra pho«pha:e-Vu^ece4 
NCSV-23 sw^Huin c^ct&uj&a ? jig coT } cytosbahsia B (Siyna) ajad 7 J mi tnT 1 Hoccha 
35342 (Sigma Ti >t 3a a C fer 20 tnia A small acnount of rytoplcsm from <iferct*y beoejuh the 

6rsf poW body was Uir^: appiyajce^ qjjj>g ap J^-JlM gim pipette (HumigtC, 
Q^bkizsY^Yv&m*). We eipcned the «pVa^ taryopiist to altravtoict light to 
confirm the preacnc* of a wctephase plate. A single grimijos? ccB wasptac«l b^o^- the 
zona peBarida ioteoontflbCitWith each aiodbrto} oxic/te. The couplet «ra$ tr?tvfened to J 
fixdoo cbambee inuxJeToo- BT-4?3s FIX San DicgoJ cootaiiiiiuj, 700 pJ of 0JM 
^iEuaitoi; «H Hi»e «*d ftl CiCh tn drioxuecod wsfcoi ru5»n in<3 actiwnbo 
lodtccerf bf ; «pp$ctfioo of ^ACpn^ofSV^ iafo^v^ rworx:p^*«of 
L3kVOn H ft« 6pjukTH^ao toC»I % EJect?o^cD htat^olrtor (Ktt lot, SooX^oX 
Covyfcu ♦rtxt- dbra? wasbsdt id bwirtx^o^^ifefctJ NCSU*a3 m-^urtv jjorf jogttotici ■ 
ffi^ MBdftMB fgf, 0.5— t h Ci&J*C ma tvftTpxtaV^ gtmospB e rt comirtroyof S^CDOj m , 
ai^ >fc'«3>eriKrd coupfeiifc fiaia« at xJOp n^nfflcattoti tuiag an nsvc^'nu^czcOTyey; 
Fi^ e^±fj^ a^ 
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Reconstruction <rf second nuclear trarofar *m&ryo 

Zygow were tcflcdfaged at U.900 j for 13 mxr- in * Bioto$e U >eirtTifti$t and then 
iiicubaMd in phosphate buffered VCSL'-- J medium oontiuung. 5*0 troT' ntoduUan B 
J S^ma} At 38 'C for 20 tma. Zrg^to ujnMiws two pronuclei we euuekowd using « 
ZS-ys-pm $U» pipette by aspirating i mnnbranf bound ltar?opU«t cogtauiing both 
pronuclei (and the xttnrf polar body if prwrtl- Karyoplaio containing the ;*eudo- 
jnoo udeus were prepared from the day 1 tiudear transfer eiohnw described for rygote 
audeatiort with the modiftcatJOP d»t a ?0-45-mjd enucleation pipette vqj used for 
niznipvbtioQ, A lwrvopta« *V pbtfid into tbe perivrtcJUiuoe space of wdl 

etmcleatrd i/gote. Fusion way Educed J*pptfc*tU>0 of *& AC pUt'tt of 5 V for 5 * followed 
by two PC pubes of U kVan" 5 for M) ^ Couplets vcre then wmKcJ *pd ensured in 
NC5U-23 mediom for 0-f-l h it i*.f> *C tn a hioijidificd atmosphere of 5*> CO|. We 
transferred fujed couplets « Jooa iS pcdiiWe to the oTiduct o£ an oatruw ynchronirea 
recipient gilt. 

Treatment of recipient sows 

Pregnancy was jpaimaUj^d by using * tofrt iltttion Of PMSG and hCG. FMSG 1 1 ,000 IL 1 ) 
to injected oti da y *0 of the wt»w (*>7 1 being ito day or oewras), hCC ww 
touted un. 3-3.5 d later (day 1* of tbe cfde> H . 

(i5 ag nr l J from each of the fiv f piglets (24-b tail sairjptes), the four $ruiu]<Ki oefl 
dies mixed to make pod 1 (PGft I, PGJU wd PGR4), tbe recipient «w (34B) and a 
bow. 'Ranger*, that wu uxd for artificial insemination purpow*, were b» iodirvJuauy 
coded viab ro Cder4-AgG£N {Davis, Ofefonufl), a company that fpeoilitrt id partrtUg* 
7«n6calJOQ for swine. The mtCTOMteffite anahrab <oi»isl» of a /Buftipje«rd srl pt cupe 
polymorphic porcine loci, each of «hxb ismsiab of dilfcrcnt nraltimers of short tandem 
repeat* ? dmuciwddo ? . "Hie polyiaofphk loo ^ e deputed- Sas?. $C»7a S012i 50226w 
SW14, SW7X $WM0, SW93o ajod TSTB (PCRpiinKf wqa«ce intomtttioo Js 
proprietary to Cdem-AgGEN). Tnii auhipjex^c contww oixw diiB^Tcnt PCR primer 
pairs, «rupb"tietj in h*o PGR reacboos. a Sw^ptcs. and a fnuxvptac. X"7 QWJPm 9< 
Ccuipbtt PR\ wao wnpfefied id eodiamltiplcx PCR. The forward primers wire labelled *ra 
the 5' end with a fttiflreceDt dyt ^eit3te; FAM.JOS or TaMRA). "Cliciotire Unerr for ea<h 
OKA iaxnpk wv loaded Ui a xogfce Uoe ajod co-etearopJtvorocd wxta the internal size 
Oandttfd Ooe^as 350 Rci. All muEt^kxatt^ 

AS! PRISM 377 DMA Sequencer and anajywd with Genotype* 2-0 software. 
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Animal doaon sudt as pip oj»W prwid« wi «h«nwtb^ «ror« of | 
organs for transplantation. However, the promise of lenotrans- | 
pjantAtiori is oflset by tiKe possible public health mk of a arosa- 
sped€s Infection". All pi^s contain several copies of porcine 
endogenous retroviruses (PERV) M , and at least three variants of : 

Pl^RV ComI m£eXt (mmoo txIA fineA m Yitrti iit co-Culture, blfectivity 5 

and pttodotrpias eiperirnents^ y . Thus, if »enotrnn$pUntatiott | 
of pig tissues results in PERV viral replication* there is a risk j 
of spreading and adaptation of ibis retrovirus to the human host : 
C-type rcftovinis** related to PERV are associated with malig- 
aandes of haernatopoietxc lineage c*&s in their natural hosts*. 
Here we show that pig pancreatic islets produce PERV and can 
infect human cells in cultore- After transplantation into NOD/ 
SCID (nan-obese diabetic, serere combined irrimurio^e^cieney) 
take, we detect ongoing viral expresdon and several tissue 
compartments become infected. This is the first evidence that 
PERV Is transcriptionally active and infectious cross- species in 
rivQ arW transplantation of pig tissues, Thes* results sho*r that ■ 
concern for PERV infection risk associated with pig Ukt xeno- 
transplantation in innnunostippressed human patients may be 
jusnnefL 

Jwexule-onset diabetes rjjeKnw h a major health, problem and 
erogenous ut^suUd merapy Is only partMy ^ctessful m pxevencmg 
" fts many cornplicatioDS. Aithoiigh islet transplantation holds great 
promise ft?r 2 ewe, the nwnWof potential human jpaacress 4<mort 
are ci*fctnefr PJftlilaJy to provide esoough islet tissue to treat '^e 
mUKons jof patients wcrldwide. The acencrtrro^liaoUtwn of pig 
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Here we describe a procedure for cloning piQS by the use of in vitro culture systems. Four healthy male 
piglets from two litters were bom following nuclear transfer of cultured somatic cells and subsequent 
embryo transfer. The initiation of five additional pregnancies demonstrates the reproducibility of this proce- 
dure. Its important features Include extended in vitro culture of fetal cells preceding nuclear transf ar, a* well 
as in vitro maturation and activation of oocytes and in vitro embryo culture. The cell culture and nuclear 
transfer techniques described here should allow the use of genetic modification procedures to produce tis- 
sues and organs from cfoned pigs with reduced Immunogeniclty for use in xenotransplantation. 

Keywords: Nudear transfer, oocyte maturation oocyte activation, embryo culture, porcine, in vitro fertilization 



We report here the successful cloning of pigs by somatic cell nudear 
transfer (NT). Despite the demonstrated success of cloning using 
somatic cells from several other animal species Including sheep 1 - 2 , 
cattle^, goats 5 , and mice 9 , porcine NT has proved to be more chal- 
lenging 7 - 11 . Indeed, although two groups have recently reported the 
birth of cloned piglets 1 - A \ neither group u*ed the simple method of 
fusing nuclear donor cells into in vitro matured, enucleated oocytes 
to produce these clones. We have systematically optimized each step 
in the NT procedure, including the source of oocytes and their mat- 
uration in vitro, the culture of donor cells, the activation of oocytes 
following NT, and the in vitro culture of embryos and their transfer 
to recipient giits. The result is a reproducible methodology that 
should enable strategies to genetically modify pigs for xenotrans- 
plantation, the production of pharmaceutical proteins, and the 
enhancement of pig breeding program*. 

The shortage of human organs for allotransplantation has moti- 
vated a search for alternative sources. Xenotransplantation of pig 
organs is an attractive option because of the compatible size, physi- 
ology, and potentially large supply 14 . The major hindrance to using 
pig organs is immunological incompatibility' In particular, trans- 
plantation from pigs to humans results in hyperacute rejection 
(HAR), which is mediated by preformed xeno reactive antibodies 
with specificity for the Gal-C<-lt3-GaI epitope on the surface of pig 
endothelial cells 1 *. 

Ideally } this epitope would be completely ablated using gene tar- 
geting methods to inactivate the gene encoding cM,3-galactosyL 
transfer^. The demonstration that gene targeting in embryonic 
stem (ES) cells could be used to manipulate the germline in mice was 
first reported in 1989 17 . However, strategies used to generate target- 
ed knockout of mouse genes have failed in pigs H » l! \ Somatic cell NT 
in pigs is the most promising technology to achieve the targeted 
knockout of the or- 1 ,3-galactosyltran.sferasc gene, in that donor cells 
can be genetically modified before NT using existing technologies^ 1 . 

The major limitation to the genetic manipulation of donor cells 
is the length of time transited cells must be cultured to allow selec- 
tion, colony growth, and genetic testing preceding NT Certainly the 
ability of these cells to undergo a second round of gene targeting to 
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remove a second allele could be limited. However, genetically modi- 
fied donor cells can be used to produce a cloned fetus, providing 
cells that can be used for additional rounds of targeting to remove a 
second allele, or to target additional genes. This approach should be 
successful because it has been shown that senescent bovine cells can 
be "rejuvenated" by NT and that cloned fetal cells are totipotent 21 
(ref. 21 and unpublished data). 

Results and discussion 

Nuclear donor cells used to produce the two litters of cloned piglets 
(Fig. 1) were derived from 47- and 51 -day porcine fetuses, respec- 
tively. The cells were cultured for 8 or 22 days and passaged 0 Or 2 
times prior to NT (Table 1) and had an elongated morphology in 
culture (Fig. 2). Five additional pregnancies have been initiated 
using fetal porcine cells that were cultured from 9 to 87 days aad 
passaged from 0 to 7 times {Table 1). Fetal porcine ceUs have been 
maintained in culture greater than 200 days and passaged at least B 
times without visible senescence (not shown). Cells were used in 
nuclear transfer 0*4 days after reaching confluence. This contrasts 
with the cwo recent reports of pig cloning where the cells used in NT 
were either serum starved adult granulosa celts 12 or fetal fibroblasts 
cultured for 1 6 days after achieving confluence 15 . The assumption in 
these reports was that celb used in NT had to be in the G1/G0 cell 
cycle phase for successful cloning. However, the lack of intervention 
here to synchronise the cells does not support this assumption. 

Using the methods described here, the rate of pregnancy initia- 
tion was 30% (seven initiations* including the two births, out of 23 
recipients that received NT embryos). This rate of pregnancy initia- 
tion was similar to that reported by Polejaeva er aL (29%) l \ who used 
a double nuclear transfer method, bur could not be compared to the 
report by Onishi etal. ts because ultrasound verification of pregnancy 
was not performed- In this second report, donor nuclei were directly 
injected into enucleated oocytes in contrast to the method used here 
where the donor cells were fused with the enucleated oocyte. Transfer 
of the entire donor cell cytoplasm into the enucleatetLoocyte by 
fusion to form a cytoplasmic hybrid apparently did not interfere with 
che reprogramming of the donor nuclei. 
I 
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Figure 1, Nuclear transfer plfllela from two Iftterc. The piglets were 
photographed nine days (A) and or*? day {&} after birth. 




Figure 2, Porcine donor celja. Body ceils from a 47-day fetus were 
cultured to confluence preceding nuclear transfer. These cells were 
used to produce the first litter of cloned piglets. 

Pour of the pregnancies listed in Table I were derived from donor 
cells transacted with a DNA construct thut included a neo cassette to 
confer resistance to neomycin derivatives. One of the pregnancies 
{no. 3 in Table 1) from fcransfceted cells terminated at 33 days into 
ge$tadon. A fetus was recovered for transgene analysis however it did 
not contain the neo gene, most likely because the population of 
transected ceils used in NT was a mixture of nontransgeoic and 
transgenic cells. 

Parentage analysis was performed on the NT piglets and the sur- 
rogate recipients to confirm identity to the donor cell line used for 
NT. DNA was extracted from tissue samples acquired from each 
newborn piglet (ear punch) and the recipients (blood}. Eleven 
porcine DNA microsateUite (MS) markers were used to confirm the 
genetic identity of the cloned piglets to celis used in NT. Rc$u]t$ of 
the MS marker analysis verified that the donor cell lines were the 
source of genetic material used to produce the newborn piglets 
(Table 2; Fig. 3) and the recovered fetus (not shown J. 

Oocytes obtained from sows (animals that had given birth] and 
gilt* (animals that had not given birth) were treated identically dur- 
ing in vitro maturation and subsequent embrvo culture. When sow 
oocytes were used for NT, 8% (15/192) of the cytoplasmic hybrids 
developed to blastocyst .compared to only 4% (1 1/258) when using 
$ilt oocytes. Similarly, when $n W oocytes were used for in vitro fertil- 
ization (IVF)> 22% (8673S4) of the inseminated oocytes developed 
to blastocyst compared to 14% (80/584) when using gilt oocytes. In 
addition, litter size was larger when oocytes were derived from 60ws 
(9,0) rather than from gilts (5.0) r although IVF embryo derived 
from both sow and gilt oocyte* produced a 53% pregnancy initiation 
rate (10/19 each). A plausible explanation for the higher rate of 
development using sow oocytes is that a greater percentage of sow 
ooevtes are amenable to in vitro maturation compared to gilt 
oocyte? when using the methods described here. Although sows arc 
reproductively mature preceding slaughter, gilt? vary in maturity, In 
fact, reduced fertility and litter size has been described for gilts 12 , A 




Figure 3. Multiplex electrophwogr^m of three mleroeateimft murker*, 
Tn* 6i* eleotTOphero grams represent analysis of tissue samples frem. 
the first litter of cloned p^tata.- Recipient sow (1), donor odl line (2), 
cloned piglet pne p), cloned piglet two (4), tissue source of donor cell 
Hne (5), end a second sample of the recipient sow {«), The green peaks 
represent alleles of the SW-2B8 locus, the blue peaks represent the 
SW-66 locus, and the btacK peaks represent the SW-1510 locus. The 
red peaks show the internal size standards; the calculated sizes On 
base pairs) are displayed at the top of the figure. 



Table 1. Porcine birtha/pregnancJift from nuclear 
transfer derived embryos 



No. i 

Originating 47 
fetal 

Ago (day3) 



2 

51 



3 
41 



4 

41 



5 

56 



6 

51 



7 

51 



Cell source Body Qenltal Body* Body* Genrtal Body* Body- 

ridge 



Culture age 
at nuctear 
transfer 

(days) 

Passage 
number 

No. nuclear 
transfers 

Time in 
embryo 
culture (h) 

No. of 

embryos 

transferred 
into 

recipient 

Pregnancy 
status 



22 



ridge 
8 



73 



143 340 



70 



143 



1<?4 



198 



76 



121 



87 
7 

175 
72 

116 



B4 



Utter 1 Uter2 Abort Due 
July 6 Sept.* (33 Oct 
days) 



192 



7$ 



120 



Abort 

(4(3 

days) 



135 



76 



86 
4 

186 
76 



115 123 



Due 
Nov. 



Due 
Nov. 



•These cell lines were transacted with a DNA construct combing n90 . 
b Two mate piglets war$ bom altv$ by vaginal delivery and weigneO 2 and 3 
pounds, rBspect/vBly. 

'Two male piglets and a mummified fetus were corn by vaginal delivery. Tne 
live piglets weighed 2.2 and 3.S pounds, respectively. 
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Table 2. DNA parentage analysis' 



Marker 


Dye 


KvPJ 


Recipient 1 


Cell fine 1 


litter 1 


Recipient 2 


dell line 2 


Utter 2 




name 


annealing 
temp. 


genotypes 


genotypes 


genotypes 


genotypes 


genotypes 


genotypes 


c»W Too*! 


HfcX 




9B/1 14 


96 


06 


88/96 


88/96 


fft/96 


SWR138 


TET 


64.2 








193/203 


214/220 


214/220 


SWR1120 


FAM 


B3.3 


176 


1Sa/176 


168/176 


164/178 


164/175 


164/176 


SWR308 


TET 


62.2 


142/157 


127/142 


127/142 


151/162 


127/147 


127/147 


SW961 


HEX 


60-6 


141 


141 


141 


113 


141 


141 


SW2174 


TET 


58,7 


101/10$ 


103/105 


103/105 


101/103 


103/1 D9 


103/109 


SW1473 


T^T 


57.1 


171 


171/173 


171/173 


173 


171/173 


171/173 




TET 


55.1 


125/134 


124/132 


124/132 


124/132 


124/134 


124/134 


SW66 


FAM 


54.9 


1 0S/1 1 a 


119/125 


119/125 


115/119 


106/119 


106/119 


SW1510 


HEX 


54,3 


135 


139 


139 


135 


139/144 


139/144 


SW1856 


FAM 


54.0 


196/198 


190/195 


190/196 


196 


196 


196 



*For eacn micrroateiiita marker, genotype was determined by size (top). Utter i results trom SW288. SW66. and SW1510 
and litter 2 results from SWR136, SWR308, SW961, and SW1510 provide the strangest support tor the genetic Identity of 
the donor cells and tho nuclBar transfer piglets 

Table 3. Average cell number of day 7 embryos produced Sn vitro 



Emtjryg 


Average 


Range 


type 




celt 






number 


Nuclear transfer 


66 


16-12S(r? = 24) 


In vitro fertilized 


66 


34-124(/?=16) 


Activation control 


49 


13-1 32(f) =63) 



lh vivo 



20O-300(ref8 23,24) 



major difference between the methods described here and those 
used to produce cloned piglets in two recent reporcs ,: • ,, is the use of 
in vitro matured oocytes from sows rather than in vivo oocyte* 
derived from gilts. Advantages of in vitro matured oocytes include 
the large number of oocytes that can be obtained from abattoir 
ovaries and che ability to tightly control the maturity or" the oocytes. 

Development of porcine NT embryos to blastocyst when cul- 
tured for seven days was 7% (72/995). In contrast, cultured IVF 
embryos and pactbenogenetically activated oocytes under the same 
conditions developed to the blastocyst stage at a rate of 19% 
(270/1401) and23% (235/1028>, respectively. Table 3 shows that the 
average cell number in NT blastocysts was comparable to IVF blas- 
tocysts but both were higher than parthenogenetic blastocysts. 
However, the cell number of both NT and IVF blastocysts was 
approximately one-fourth the estimated cell number for day 7 in 
vivo embryos 166 cells for NT and IVF in vitro blastocysts versus 
200-300 cells for in vivo blastocysts 

Pregnancy initiation in the pj|g requires a critical minimum sig- 
nal from the embryos to the mother on day 12 of gestation. Polge et 
ai-* showed that four embryos were minimally required to initiate a 
pregnancy that would develop to term, if pregnancy initiation 
depends on total embryo cell number, 16 NT embryos may be need- 
ed to produce a pregnancy signal equivalent to four in vivo 
embryos 263 ". In addition if other characteristics of NT embryos 
such as the inner ceil mass;trophectoderm ratio determine embryo 
viability^, a given pool of NT embryos probably contains the equiv- 
alent of only a few viable embfyoj. The large number of embryos 
( 1 1 5-164; Table 1 ) that were used to produce the cloned piglets and 
additional pregnancies described here is consistent with low viabili- 
ty of NT embryos. 

Evidence for the inadequacy of in vitro culture systems for 
porcine embryos is the paucity of reports documenting the birth of 
piglets from IVF blastocysts*. The low cell number of cultured NT, 
IVF T and parthenogenetic blastocysts as compared to in vivo blasto- 
cysts probably reflects these inadequacies. However, 5»x of the seven 



pregnancies described here were 
derived from NT embryos cul- 
tured for £72 h before transfer 
into recipients despite the low 
rate of development to blasto- 
cyst and low cell number for 
comparable embryos cultured 
for seven days. Embryos that 
produced the cloned piglets 
recendy reported by other 
groups 12 * 1 ' were cultured for 
approximately 24 and 40 h, 
respectively. 

low rates of NT embryo 
development may also reflect 
inadequate activation. The 
strategy of PoUiseva et al. u 
using double nuclear transfer, 
the second round being the transfer of NT pronuclei into enucleat- 
ed IVF zygotes, was meant to circumvent the need for artificial acti- 
vation protocols. However, in our experiments, the exposure of 
porcine cytoplasmic hybrids to higher concentrations of Monomycin 
( 15 nM) for a longer period of time (20 min), compared with typi- 
cal bovine activation protocols 14,10 was positively correlated with 
porcine NT development to blastocyst, blastocyst cell number, and 
pregnancy initiation (unpublished data). 

The most immediate application of the donor cell culture and NT 
procedures chat we describe here is in the production of genetically 
modified pigs tor xenotransplantation. The production of CD55 
transgenic pigs* L has allowed the most aggressive form of rejection* 
HAR, to be overcome^ However, xenografts are still rejected by 
rwecharusjDos that include antibodies, endothelial ceil activation, 
thrombosis, and cellular infiltration. Nuclear transfer can facilitate 
the production of porcine xenograft* in two ways. First, the genera- 
tion of transgenic pigs will become significantly more efficient par- 
ticularly in that transgene integration can be evaluated in vitro pre- 
ceding NT- The evaluation of transgenes using the existing microin- 
jection technology requires the generation of multiple transgenic 
lines and expanded breeding programs, a process that can tata sever- 
al years. Second, the cell culture and NT procedures that we have 
developed should enable gene targeting in the pig. This will allow the 
iructrvation of endogenous genes that are an impediment to long- 
term xenograft survival and, furthermore, the deletion of endoge- 
nous porcine retroviruses chat are perceived to be a potential health 
risk, In summary, the protocol for porcine NT that we describe repre- 
sents a step forward in the advancement of xenotransplantation. 

Experimental protocol 

Oocyte collection and maturation. Sow and &ilt yvarks were collected at 
separate local abattoirs and maintained at 3Q°C during transport to the labo- 
ratory. Follicle? ranging from Z to 8 mm were aspirated into 50 ml conical 
centrifuge tubes (BP Biosciences, Franklin Lakes, NJ) ujiftg t&-gauge nee- 
dles and vacuum Set at 100 mm of mercury. Follicular fluid and aspinittd 
oocytes trom sows and ^ilb were puoled separately and rinsed through 
EmCon filters {Iowa Veterinary Supply Company; Iowa Falls, lAj with 
H£f»ES-butTered'TVfOde» solution (TL-HEPESl (BiuwhitUker, Walkersvilic, 
MD1. Qocyie$ surrounded by a compact cumulus mass were selected and 
placed intu North Carolina State University (MC5U) 37 oocyte maturation 
mcdium iX supplemented mth 0.1 mg/ml cysteine* 1 , to n^/ml epidermal 
growth factor* 10% porcin* follicular fluid 1 ', 50 uM 2-mercaproetluinol. 
0-5 mg/ipl cAMP 5: , 10 lU/ml each of pregnant mnre serum gonadotropin 
(PMSG) and human chorionic gonadotropin (hCG) J * for -22 h in humidi- 
fied air with 5% CO; at 3$.5°C. Subsequently, the oocytes were moved to 
t"re$h NC5U J7 matvnrtiun medium that did not contain cAMP, PMSG, or 
hCG and incubated for an additional 22 K. After -44 h in maturation medi- 
um, oocytes were stripped of thtir cumulus cell? by vgctex;mg in Q-l% 
hy*lOronida*e mr I nun. 
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Donor cells. Day -U to day 56 poreiji* fetuses ( Yorkshire/Undriice/Ncwshan) 
aow c rosd bred to Ncivshjin boar) went co fleeced from pregnant gilts, The in tua 
Uterus wa$ Vxciscd from the jp'U and immediately transported to the laboratory 
for rccoveryoFfettwc* Petal gender, weight, crown- mrop length, and todtviduaj 
identification were recorded before dUwction. Cenital nd$* celb were oo^ined 
by 0.3% protciK f from Streptomycin griseus) diction ot the genital ridges for 
43 rain at J7°C Body cell* were obtained from a partial body trypsm-EDTA 
(Life Technologic, Rockviile, MD) digest for 45 min at 37*C Following diges- 
tion, cells ware filtered through a 70 Mm cell strainer ( BD Biosciences), counted 
And cultured ( i .5 x ir>* cv\\.\ per 35 mm culture dish) in high -glucose DuJbecco 
modified Eagle medium (DM EM; Life Technologies) supplemented with 10% 
fetal bovine jerum (FBS; Hyclone, logon, UT) and 0.1 mM 2-mercaptuethanoI, 
Typically donor colli were pass^ed into four-well plates and cultured unu'l con- 
fluent. Immediately before nuclear transfer, confluent donor cells in one welJ 
were dissociated by mcuburion with 0.1% protease Tor ^10 min, washed once 
• withTL-HEPE5 supplemented with 10% FB$. collected by centrirugatton tor 10 
mm«250#dndre5iisperided in -Q.ji ml Dutbeccoa phosphate-buffered saline 
(DPBS;LifeTcchnologiesl. 

Nuclear transfer.. On removal of cumulus ceJJU, oocytes were placed in 
NCSU 23 embryo culture medium^ that contained 1 ug/ml Hoechsi 33342 
and 7.5 p:g/rnl cytochahsin B for-30 min. Micromanipulation of donor cells 
and oocytes was performed in drops of TL-KEPE5 on 100 mm dishes (BD 
Biosciences) covered with light mineral oil. Class capillary microtook were 
produced using a pipette puller (Surter Instruments, Novate, CA) and micro- 
forge (Narishige International, East Meadow, NY). Metaphase \\ oocytes 
were enucleated by removal of the polar body and the associated metaphase 
plate. Absence of ttu metaphase plate was visually verified by ultraviolet fluo- 
rescence, keeping exposure to a minimum. A single dono*- cell was pUccd in 
the perivitelline space of the oocyte so as to contact the oocyte membrane. 
An electrical pube of 93 volts for 45 \is from an EleetroCeli Manipulator 200 
(Genecxonics, San Diego, CA) was used to ruse the membrane* of the donor 
cell and oocyte* forming a cytoplasmic hybrid. The fusion chamber consisted 
of vrire electrodes 500 jitm apart and the fusion medium was SOR2 (0,25 M 
sorbitol, 0.1 mM calcium acetate, 0.5 rhM magnesium acetate, 0.1% BSA 
(Fraction V; Sigma, St. Louis. MQ); pH 7.2 and osmolality 250 mOsm). 
Following the fusion puke, cytoplasmic hybrids were incubated in CR2 
embryo culture medium" for approximately 4 h before activation. 

Activation and embryo culture. Cytoplasmic hybrid? were activated by Incu- 
bation in 15 UM calcium ionornycin (Calbiochem, San Diego, CA) for ap min 
followed by incubation with 1.9 mM 6-djmctbylaminopurine (DMAP) in 
CIU medium for .J-4 h. After DMA? incubation, cytoplawnic hybrids were 
washed through two 35 mm dishes containing Tl-HEPES, cultured in CR2 
medjum containing 3 trig/ml BSA fox 4$ h. placed in NCSU 23 medium con- 
taining 0a% BSa for 24 h, and further cultured in MCSU 23 containing 10% 
FBS Embryos that developed to blastocyst stage by diy 7 in vitro were fixed 
in 4% paraformaldehyde, stained with Hoechar 33342, and placed under cov- 
erslips on glass slides. Hxed embryos were vitalized with ultraviolet fluores* 
cence and cells were counted, 

Jn vtao fertilization. Fifty matured oocytes, stripped of their cumulus and 
in a volume of 3 111, were placed into 92 ui drops of fertilisation medium 
(Tlp-pyaj 4WI . Each drop containing oocytes was inseminated with 5 fil of 
fertilization medium containing 2,000 sperm. Fresh boar semen was pur- 
chased from Genes DirTusion (Stoughton, Wl). Several different boars were 
used during the course of these experiments, following )0 min of co-incuba- 
tion with sperm, the oocytes w*re moved to a fresh drop of fertilization 
medium and incubated for an udditio no 1 5 h. Oocytes were washed through 
unused fertilisation drops to remove sperm and cultured in NCSU 2$ wjth 
Q-W USA until embryos were transferred into recipients 0-^ days after fertil- 
ization. Embryos cultured to evaluate development rates were placed in 
NCSU 23 medium with \0% PBS from duy 5 to day 7. 

Embryo transfer into recipients. Embryos at various stages ot* develop- 
ment wore surgical ]y transferred into uteri of asynchronous recipients 17 . 
Recipient fcnwles (parity 0 or I) were selected that exhibited first standing 
cstrus 24 b preceding oocyte activation. Fur surgical embryo transfer* anes- 
thesia was induced with a combination of the lulluwing: fcetamine. 2 mg/kg; 
tHetarniK*, 0.25 mg/kg; zolajtcp^m, 0.2? mg/kg; xylene* 1 mg/kg; and 
atropine, 0.03 mg/kg (Iowa Veterinary Supply). Anesthesia was maintained 
with 3% balothanc. While in dorsal recumbency the recipients were asepti- 
cally prepared for surgery and a caudal ventral incision was made to expose 
and examine the reproductive traa. Embryo* that were cultured <48 h {one- 
to two-cell stage) were placed in the ampullar region utthe oviduct by feed- 
ing a 5.5-inch Tomcat catheter ( Sherwood Medical, St Louis. MO) through 



the ovarian fimbria. Embryos cultured 4R h or more later greater thin four- 
cell stage) were placed in the tip of the uterine horn. Typically, 100-300 NT 
embryos were placed in the oviduct or uterine tip depending on embryonic 
stage, and 100 1VF embryos were placed in the oviduct. All protocols con- 
formed to University of Wisconsin animal health care guidelines- Pregnancies 
were detected using an Aloka 500 ultrasound scanner (Alofei Co. l td* 
WaUingford. CT> with an attached 3,3 MHz transabdominal probe. 
Monitoring tot pregnancy initiation began 23 days after fusion/ fertilization 
and was repeated as necessary through day 40. Pregnant recipients were 
examined by ultrasound weekly. 

Parentage analysis. For each PC R reaction. 60 ng of porcine genomic DNA, 
IX PCR buffer, 1.5 mM MgCl> 20OJ1M dNTPs, 1 jlM forward primer, I mM 
reverse primer, and O.fi unit? of AmpliTiuj PNA polymerase (PE Biosystems. 
Foster City, CA 1 were used in a total volume of I $ ui Primers were one of \ [ 
microsatcUitcj labeled with either of the fluorescent dyes FAM, TET, or HEX 
(ret 43). Thermal cycling was performed in a 96-well p\^t ming an MJ 
Research PTC-225 Tetrad Thermal cycJer (MJ Research. Walrham, MA). 
Following initial denuturption of i min at 95*C f?NA was amplified in 
35 cycles of polymerase chain reaction ( I min at 9S°C 30 s at an oppropriate 
annealing temperature and 1 min at 72°C) and completed with a final elonga- 
tion step of 4 min at 72°C Alter LTcIirvg, an aliquot of each reaction was com- 
bined with an internal $j« standard (Genescan 350, PE Biosyscems.) and 
loaded oatv an ABI 377 (PE BiosYStems) automated fluorescent DNA 
sequencer for electrophoretic separation. Samples were tracked and analysed 
using Genescan version 3.1 and Gcnotyper version 3.6 NT (Pt* Biosystems). 
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Sheep cloned by nuclear 
transfer from a cultured 
cell line 

K.H.S. Campbell, J. McWhir, W. A- Ritchie & I. Wilmut 

Rodin Institute (Edinburgh), Rosiin, Midlotluan EH25 9PS, UK 



Nuclear transfer has been used In mammals as both a valuable 
tool in embryologies] studies' and a$ ? method for (he multi- 
plication of 'elite* embryos 3 " 4 . Offspring have unly been reported 
when early embryos, or erobr^o-derived cells during primary 
culture, were used as nuclear donors*^ Here we provide the 
first report, to our knowledge of IW? mammalian offspring 
following nuclear transfer from an established cell line. Lambs 
were bom after cells derived from sheep embryos, which had been 
cultured for 6 to 13 passages* were induced to quiesce by serum 
Starvation before transfer of their nuclei into enucleated oocytes. 
Induction of quiescence in the donor cells may modify the donor 
chromatin structure to help nuclear ^programming and allow 
development. This approach will provide the same powerful 
opportunities for analysis and modification of gene function In 
livestock species that are available in the mouse through the use 
of embryonic stem cells 7 . 

The cells used in these experiments were Isolated by micro- 
dissection and explanation of the embryonic disc (ED) of day 9 
in vivo produced 'Welsh mountain* sheep embryos. The line was 
established from early passage colonies with a morphology like 
that of embryonic stem (E$) celfc. By the second and third 
passages, the cells bad assumed a more epithelial, flattened 
morphology (Fig. la) which was maintained on further culture 
(to at least passage 25). At passage 6, unlike murine ES cells they 
expressed cytoterstin, and nuclear lamio A/C which are markers 
associated with differentiation 8 . This embryo-derived epithelial 
cell line has been designated TNT4 (for totipotent for nuclear 
transfer). 

The development Of embryos reconstructed by nuclear transfer 
is dependent upon interactions between the donor nucleus and 
the recipient cytoplasm. We have previously reported the effects 
of the cytoplasmic kinase activity, maruration/rnitosis/meiosis 
promoting factor (MPF), on the incidence of chromosomal 
damage and aneuploidy in reconstructed embryos and established 
two means of preventing such damage*. First, the effects of the 
donor cell-cycle stage can be overcome by transferring nuclei after 
the disappearance of MPF activity by prior activation of the. 
recipient enucleated Mil oocyte* 1 * Using this approach we 
obtained the birth of lambs by nuclear transfer during establish- 
ment of the ceU line (up to and including passage 3), On 
subsequent Culture (passages 6 and 11) no development to term 
was obtained (see Table 1). From these numbers wc cannot 
conclude that development to term will not be obtained using 
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this method. The lack of development of some control embryos is 
thought to relate to an infection in the oviduct of the temporary 
recipient ewe from which 6 were recovered. 

An alternative means of avoiding damage due to the activity of 
MPF is to transfer diploid nuclei into metaphase II oocytes that 
have a high Jevel <rf MPF activir/. The availability of TNT4 cells 
allows this approach to be used. In this study a synchronous 
population of diploid donor nudei was produced by inducing 
the cells to exit the growth cycle and arrest in GO in a state of 
quiescence, in the presence of a high level of MPF activity the 
transferred nucleus undergoes nuclear membrane breakdown and 
chroxwsomc condensation. It has been argued 1 1 that ihc develop- 
mental potential of reconstructed embryos depends upon the 
Preprogramming of gene expression* 1 by the action of cytoplasmic 
factors and that this might be enhanced by the prolongation of this 
period of exposure. To assess these effects donor cells were fused 
to oocytes cither (1) 4-8 h before activation 'post-activated' or (2) 
at the time of activation 'fusion and activation' or (3) to prc- 
aetivafed oocytes t preactrvated\ 

During these studies in wq ovulated metaphase arrested (Mil) 
oocytes were flushed from the oviduct of 'Scottish blackface* ewes. 
IT>e methodology used was as previously described 10 with the 
following exceptioiis; oocytes were recovered 28-33 h after 
injection of gonadotropin-releasing hormone (GnRH), cakjum/ 
magnesium-&ec PBS containing 1.0% FCS was used for all 
flushing, and recovered oocytes were transferred to calcium-free 
M2 medium* 2 containing 10% FCS and were maintained at 37 *C 
in 5% C0 2 in air until use. As soon as possible afteT recovery 
oocytes were enucleated and embryos reconstructed. At 50-54 h 



TaslE 1 Development using unsynchronized 7NT4 cells 





Number of morula and 






blastocysts/total Number of lambs/ 


Donor cell type 


embryos (%) embryos transferred 




October 1993-February 1994 




lSceil 


6/11 (27.3) 


2/6 


ED cell 


0/15 <6.7) 


0/1 


ED PI 


4/19 <21.0) 




EDP2 


1/11 (9-1) 


a/i 


EDP3 


2/36 (5.5) 


2/2 




October-December 1994 




16 celt 


14/28(50,0) 


(V14 


TNT4P6 


9/98 (9_2) 


0*/9 


TNT4P11 


10/92 (10,9) 


QttO 



Development or ovine embryos reconstructed by nucfear transfer of 
u asynchronized celts during isolation and after establishment of theTNT4 
line to enucleated preacuvated ovine oocytes, P, Passage number; ED, 
embryonic disc. For embryo reconstruction, donor oocytes were placed into 
calcium-tree M2 containing io% fcs, 7.5 ngm!~* Cytochalasin B (Sigma) 
and $.0 ugmi 1 HOechst 33342 (Sigma) at 37 *C for 20 mm to aspirate. A 
small amount of cytoplasm enclosed in plasma membrane was removed 
from directly beneath the 1st polar body using a glass pipette {^2P pm tip 
external diameter). Enucleation was confirmed by exposing this karyoptast 
to ultraviolet light and checking for the presence of a metaphase plate. At 
34-36 h after GnRH injection enucleated oocytes were activated- Following 
further culture for 4-6 h in TC199. 10% FCS a singte cell was fused AH 
activations and fusions were accomplished as previously described"-" in 
0.3 ivi mannitoi, O X mM MgS0 A , O.ooOSmM Ca(V 7 . for acuvation a 
single DC pulse of 1.25 KV cm- 1 for 80 us and for ftjston an AC pulse of 3 V 
for 5 3 followed by 3 d,c. Dulses of 1.25 kV cm" 1 for 80 us were applied. AM 
oocyte/cell couplets were cultured fn TC199, 10% PCS y.Sugmf" 1 Cyto- 
chalasin B (SIGMA) for X h following application of the fusion pulse and then 
in the same medium without Cytochalasin until transferred to temporary 
recipient ewes. Reconstructed embryos were cultured in the ligpted oviduct 
of a recipient 'blackface' ewe until day 7 after reconstruction. All morula and 
blastocyst stage embryos were transferred to synchronized recipient black* 
face ewes tor development to term, 

* Asingle pregnancy was established but subsequently lostatabaut 70- 
80 days. 
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FIG. 1 Production and characterization of the 7NT4 ceB line 
and the offspring produced by nuclear transfer from TNT4 
cefls, a, Morpnotogy of tne TNT4 cefl line at passage 6, 6, 
Group of embryos including a single blastocyst on day 7 after 
reconstruction. c t Group of three Waisn mountain lambs 
produced by nuclear transfer with surrogate Scottish Hack- 
face ewes, d, Auroradfogram showing the alleles generated 
following ampiificatjon Of the mkttsateilite FCB265 (ref. 
18). Lanes 1-6 are from, respectively, TNT4 ceils and the 
five lambs generated by nuclear transfer. Both lambs and 
ceils display an identical pattern, revealing 2 altetes 
<3rtwed) a t H4 and 125 bp. Lanes 7-15, nine randomly 
Chosen Walsh mountain sheep, none of whom show en 
identical pattern to the nuclear Transfer group. Lambs and 
TNT4 cells were also identical at six further micmsatellite loci: 
MAF33, MAF48. MAF 65, Ma£20$, OarfCBlX 0erTC812B, 
OarRCB304 (data not shown). The nine unrelated random 
control animals showed extensive variation at all of these 
loci. 

METHODS. Groups of 4-6 mtcrodissected embryonic discs 
were cultured on feeder layers of mftotically inactivated 
pnmaiy murine fibroblasts In Dulbeccos Modified Eagles 
medium (OIBCO) containing io% fetal coif serum. 10% 
newborn serum and Supplemented with recombinant 
human leukaemia inhibition factor (UF). After 5-7 days of culture, expand- 
ing discs were treated with trypsin and passaged onto fresh feeders yielding 
4 similar lines. At passage 12 of the In chromosome complement of $4 
was observed In 31 of 50 spreads, the remaining aneupiokl spreads are 
thought to be artefacts of preparation. For mierosatetJlte anatysfs genomic 
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DNA we$ extracted from whole blood, tissue culture cells or fetal tissues 
using a puregene DMA isolation kit {Centra Systems Inc., Minneapolis, 
USA), The PCR analysis of mlcrosateliites was earned out using an end- 
labelled primer (|>- W P]ATP). All other aspects of labelling and thermal 
cycling conditions were as described elsewhere 17 . 



after GnftH injection, reconstructed embryos were embedded in 
agar and transferred to the ligated oviduct of dioestrus ewes. After 
6 days the embryos were retrieved and development assessed 
microscopically (see Fig. 16). 

The development of embryos reconstructed using quiescent 
TNT4 cells and 3 different cytoplast recipients is summarized in 
Table 2. No significant difference was observed m the frequency of 
development with high and low passage number donor cells or 
with cytoplasr recipient type used (results were analysed by the 
marginal model in ref. 13). All embryos that had developed to the 
morula/blastocyst stage were transferred as sooft as possible to the 
uterine horn of synchronized final recipient ewes for development 
to term. Recipient ewe$ were monitored for pregnancy by ultra- 



sonography, i&wes that were positive at day 35 were classified as 
pregnant (Table 3). A total of eight fetuses were detected in seven 
recipient ewes including a angle twin pregnancy. A total of five 
phenorypically female Welsh mountain lambs were born from the 
Scottish blsckfacc recipient ewes (Fig. Jk). Two of these lambs 
died within minutes of birth and a third at 10 days; the remaining 
two UmbS are apparently normal and healthy (8-9 months old). 
Of the remaining 3 fetuses, one was lost at about 80 days of 
gestation, and a second was lost at J 44 days of gestation. The third 
fetus was thought to be a twin pregnancy and was either mis- 
diagnosed or lost at an unknown time. Microsateilite analysis of 
the cell line, fetuses and lambs showed that all of the female lambs 
were derived from a single cell population (Fig. Id). 



TABLE 2 Development to morula and blastocyst stage of ovine embryos reconstructed using quiescent TNT4 cells and 3 different cytopfast recipients 

(January-March 1995) 



Cytoplast type Number of morulae and blastocyst^total number 



Experiment 


TNT passage 




of embryos recovered (%) 




number 


number 


Post-activated 


Activgbon and fusion 


Preactivated 


X " 




4/28 


6/32* 




2 


7 


mo 


1/26* 




3 


13 


0/2 




2/14 


4 


13 


C/14 


Oft! 




5 


11 


1/9 




0/9 


6 


11 


V2 


9/29*** 




7 


12 








S 


13 


3/13* 






Total 




(12.8%) 


16V98 (16.3%) 


8/68 (11.7%) 



Development to the morula and blastocyst stage of ovine embryos recovered on day 7 after recc*nsmjcTjon by nuclear transfer of quteseafit W4 c«a$ at 
different passages into 3 cytopfast recipients. To Indues quiescence, TNT4 cells were plated into feeder layers In 29-tm 2 flasks (GJBCO) and cultured for 2 
days, the semrconfTuent exponentially growing curtures were tten washed three times in medium containing 0.5% PCS and tutored In tfte toW-Sertjrn 
medium for 5 days. Emt»yos were reconstructed using preactwated cytoptasts as previously described {Table 1) and by two other protocols- (1) post- 
acnvatJon. as soon as possible after enucleation a single cell was fused to the cytopfest in 0.3 M mannrtol without calcium and ma^esKjm, to prevent 
activation. Couplets were washed and cultured rncalcium-ftee M2 r 10% FCS st 37 5^C0 2 tor4-8 h. Thirty minutes before acrjvatjon th* eoup»e»^re 
transferred to M2 medium, 10% FCS containing 5uM Nocodazote (SIGMA). Following activation the reconstructed zygotes wen- incubated in medium 
TC199. 10% PCS, 5.0 uM Nocortarote for a further 3 h. (2) Preservation, st34-36 h after GnRH Injection a singe tell w&s fused 10 an enutieated oocyte. The 
same pulse also induced activation of the recipient cytoplasL All activations and fusions were accomplished a$ described in TWe 1 unless otherwise stated- 

* Denotes number of pregnancies following transfer of morula and blastocyst stage embryos to syr^bronized final recipient evw?s- 
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table 3 Induction of pregnancy and further development following transfer of morula and blastocyst stage embryos reconstructed from quiescent TNT4 

cells 



Cytoplast type 


ftast-activatied 


Aeration and tuslon 


Pifeactwated 


Total number of morula and blastocyst 


10 


16 


8 


stage embryos transferred 








Total number of ewes 


6 


9 


4 


Number of pregnant ewes <%) 


1(16.7) 


S (65.5) 


K25.0) 


Number of fei>u$e$flx>taJ embryos 


2W (20.0) 


5/16 (31.25) 


a/BUZ.5) 


transfefred (%) 








Number of Uvebirtfis 


1 


3 


1 


Passage number of cells resulting In 




1xP6.2xP11 


1 xP13 


offspring 









Induction gf pregnancy following transfer of alt monjfa/bla$tocy$t $tage reconstructed embryos to the uterine horn of synchronized final recipient blackface 
ewes. The table shows the total number of ernbtyos from each #pup transferred, the frequency of pregnancy In terms of ewes and embryos fin the majority 
of cases 2 embryos were transferred to each ewe and a single twin pregiancy was established (using the ^ost-actiwated' cytoplast)) and the number ofirve 
lambs obtained. 



Because of the seasonality of sheep a direct comparison of all of 
these methods of embryo reconstruction has not yet beeo made. 
The success of the later studies may be due to a number of factors. 
First, quiescent nuclei are diploid and therefore the cell-cycle 
stages of the kaiyoplast and cytoplast in both the 'post-activation* 
and 'fusion and activation' methods of reconstruction are coordi- 
nated. The preactivated cytoplast will accept donor nuclei from 
GO, Gt , S and G2 cell-cycle phases. Second, the GO phase of the 
cell cycle has been implicated in the differentiation process and 
the chromatin of quiescent nuclei has been reported to undergo 
modification"- As a result the chromatin of quiescent donor 
nuclei may be more readily modified by oocyte cytoplasm. The 
TNT4 cells resemble several cell lines derived previously in 
sheep 15 and also pigs 16 . It remains to be determined whether 
comparable development is obtained with other such tin** or 
other cell types. At (he present time we are unable to differentiate 
the mechanisms involved and report that the combination of 
nuclear transfer and cell type described here support development 
to term of cloned ovine embryos from cells that had been in 
culture through up to 13 passages. As cell-cycle duration was 
about 24h, this period of culture before nuclear transfer would be 
sufficient to allow genetic modification and selection if procedures 
comparable to those used in murine ES cells can bt established. 

The production of cloned offspring In farm animal species could 
provide enormous benefits in research, agriculture and biotech- 
nology- The modification by gene targeting and selection of cell 
populations before embryo reconstruction coupled to the clonal 
origin of the whole animal provides a method for the dissemina- 
tion of rapid genetic improvement and/or modification into the 
population □ 
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Midbrain development induced 
by FGF8 in the chick embryo 

Philip H. Crofisley, Salvador Martinez* 
& Goil R. Mortint 

Department of Anatomy and Program in Developmental Btoto^r, School of 
Medicine, University of California at San Francisco, San Francisco, 
California 94143-0452, USA 

* Department of MorpriologicaJ Sciences, Faeuity of Medicine, University of 
Murcta, Institute of Neurosciences, University of Alicante, Spain 

Vjcktcjwje midbrain development depends on an organizing 
centre located at the isthmus, a constriction in the embryonic 
mtd/hindbrnin region 1 ** 1 *. Isthmic tissue grafts transform chick 
caudal forebraln into an ectopic midbrain that Is the mirror 
image of the normal midbrain 4 . Here we report that FGF8 protein 
has the same midbrain-inducing and polarizing effect as islamic 
tissue. MoreoTer, FGFfi induces ectopic expression in the fore- 
brain of genes normally expressed in the isthmus, suggesting mat 
the ectopic midbrain forms under the influence of signals from a 
new 'isthmus-like' organizing centre induced in the torebraiu. 
Because FgfS itself is expressed in the Isthmus, our results 
identity FGFft as an important signalling molecule in normal 
midbrain development. 

FgfiS is expressed in the isthmus of the developing mouse 
brain 1- *. Because FGF8 has inducing activity in another develop- 
mental system (the limb*), we sougbi to determine whether FGF8 
provides the midbrain-inducing activity of an isthmus graft In the 
chicle We first confirmed that FgfS is expressed in the clikk 
isthmus (Fig. la). Next, we determined the effects of implanting 
a bead soaked in recombinant FGF8 (FGF8*bead) into the caudal 
diencepbalon (prosomere % p2, as defined in ref. 10; Fig. 16) of 
chick embryos at stages 9-12 (ref. U). An early effect of isthmus 
grafts is induction in the host neuroepithelium of Engralled-2 
(En2) expression 1 **, an early marker of mes/rhombenccphalic 
development l2_u . When an FGFB-bead was implanted, ectopic 
En2 RNA was detected caudal to the zona iimitans intrathalaraica 
(ZL), a transverse boundary separating dorsa) and ventral thala- 
mus anlagen (p2/p3 boundary ,rf )> in ail embryos assayed 22-26 h 
later (n ■ 10; Fig- Ic). Control beads soaked in phosphate- 
buffered saline (PBS-beads) did not induce En2 expression 
(n=*ll; not shown). 

In experimental embiyos surviving to E5-E16 (stages 25-42) 
the diencepbalon caudal to the ZL (pi and pZ* ret 10) was 
transformed from its normal fate of rostral pretectum and 
dorsal thalamus to ectopic midbrain (n ±= 17/18; Fig. 2). Control 
embryos implanted with PBS-bc^ds that survived to E4-E10 
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ABSTRACT 

We have achieved efficient in vitro reactivation and replica- 
tion of human sperm nuclei in frog egg extracts by constructing 
a 4-step protocol that mimics the events of fertilization and pro- 
nucleus formation in mammalian eggs. With use of this protocol, 
7&-97% of human sperm nuclei from fertile donors synchro- 
nously swelled and completed full genome replication in about 
2 h. We document the changes in nuclear structure that accom- 
pany efficient DNA synthesis and discuss future research and 
potential clinical implications of this new system, 

INTRODUCTION 

Intracytoplasmic sperm injection (ICSI) involves injec- 
tion of an entire sperm cell directly into the cytoplasm of 
an unfertilized egg [1]. The worldwide use of ICSI and the 
resulting births of many healthy babies demonstrate that 
this procedure works in humans and is an effective treat- 
ment of male factor infertility, despite some concerns [2], 
It is not known, however, why ICSI results in reactivation 
of the human sperm nucleus since this procedure bypasses 
the normal pathway of sperm-egg fusion and contact of the 
sperm nucleus-and-cytoskeleton with the subcortical cyto- 
plasm of the egg. These steps appear to be critical for bo- 
vine fertilization [3], and ICSI does not work in cows and 
other farm animals [4]. In order to understand the mecha- 
nism of ICSI in humans, it is necessary to develop exper- 
imental systems that permit detailed analysis of the events 
of human sperm pronucleus formation. 

Given these considerations, we have built an in vitro 
system for efficient human pronucleus formation and rep- 
lication. The process of human sperm pronucleus formation 
has previously been analyzed in intact hamster eggs [5] and 
in several in vitro systems using Xenopus egg extracts [6- 
9]. The system we describe here also utilizes Xenopus egg 
extracts, but it is more efficient and synchronous than pre- 
vious systems. The key difference is that our system uses 
two different Xenopus egg extracts: one prepared from un- 
activated Xenopus eggs arrested in meiotic metaphase II 
(MII-Extract), and a second prepared from activated eggs 
at the peak of their DNA synthetic capacity for human 
sperm pronuclei (Interphase-Extract). This two-cytoplasm 
approach mimics the events of fertilization. During normal 
fertilization, the sperm nucleus with its surrounding cyto- 
skeleton contacts the cytoplasm of the egg while the egg is 
still arrested in meiotic metaphase II. The egg then reenters 
the cell cycle, and its cytoplasm advances into the inter- 
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phase state. Earlier studies from our laboratory have dem- 
onstrated that the two-cytoplasm approach results in effi- 
cient plasmid DNA synthesis in intact Xenopus eggs [10] 
and egg extracts [11], as well as efficient reactivation and 
replication of Xenopus red blood cell nuclei, which, like 
sperm nuclei, are quiescent and highly condensed [12, 13]. 
The two-cytoplasm approach is also the basis for several 
recent successes in mammalian cloning [14-16], in accord 
with our predictions [13]. 

MATERIALS AND METHODS 

Preparation of Xenopus Eggs 

Female frogs, obtained from Nasco (Fort Atkinson, WI), 
were cared for and ovulated as described previously, and 
the resulting eggs were hardened and used to prepare both 
high-speed MII-Extract (previously called CSF-Extract) 
and low-speed Interphase-Extract (previously called Acti- 
vated-Extract) as previously described [13, 17]. The eggs 
used for preparation of Interphase-Extract were activated 
by calcium ionophore treatment and incubated at 20°C for 
a total of 22 min, rather than 28 min, before being centri- 
fuged (see Results). The kinetics of cell cycle progression 
at 20°C has been previously established [10, 13]. 

Preparation of Human Sperm 

Frozen samples of sperm from fertile donors and sub- 
fertile patients were provided by Boston Fertility Labora- 
tories, Inc. (Brookline, MA). Samples of sperm were ob- 
tained from fertile sperm donors and from subfertile infer- 
tility patients. The sperm donors were contributors to the 
Boston Fertility Laboratory sperm bank whose sperm had 
been used to achieve ongoing pregnancies through in vitro 
fertilization or intrauterine insemination. These samples had 
prefreezing sperm counts between 60 and 70 million/ml, a 
sperm morphology range of 6-14% normal forms, and at 
least 50% motility using strict criteria developed at Boston 
Fertility Laboratory. The subfertile males were from cou- 
ples seeking infertility treatment due to failure to achieve 
pregnancy after unprotected intercourse for a least one year. 
The primary diagnosis in each case was male factor infer- 
tility, and all samples showed less than 10% normal mor- 
phology readings. All donors and patients gave informed 
consent for use of their sperm according to the guidelines 
approved by the Committee on Clinical Investigations at 
the Beth Israel Deaconess Hospital, Boston, MA. Sperm 
morphology was assessed using the strict criteria imple- 
mented by Boston Fertility Laboratories, Inc. 

All samples were first allowed to liquefy and were then 
mixed with an equal volume of TEST Yolk buffer (Irvine 
Scientific, Santa Ana, CA) before being frozen by exposing 
aliquots to liquid nitrogen vapor for 2 h followed by im- 
mersion in liquid nitrogen. As needed, sperm samples were 
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thawed on ice and washed twice by suspension and centri- 
fugation in cold nuclear isolation buffer, NIB (250 mM su- 
crose, 25 mM NaCl, 10 mM PIPES, 1.5 mM MgCl 2 , 0.5 
mM spermidine, 0.15 mM spermine, pH 7.0) for 15 min at 
1200 X g at 4°C. The resulting pellet was resuspended in 
NIB, and aliquots containing 3 X 10 7 cells in 200 u-1 were 
then refrozen in liquid N 2 in siliconized tubes. 

In Vitro Reactivation of Human Sperm Nuclei 

Chemical pretreatment. Individual aliquots of human 
sperm were thawed on ice and were permeabilized by in- 
cubation in 100 fig/ml of lysolecithin in NIB for 5 min at 
25°C in a final volume of 1 ml. Lysolecithin treatment was 
then stopped by addition of BSA and soybean trypsin in- 
hibitor to final concentrations of 0.4% (w:v) and 30 jig/ml, 
respectively, and samples were centrifiiged at 1200 X g for 
20 min at 2°C. The pellet was washed once in 1 ml of 0.4% 
BSA in NIB. After removal of the supernatant, the pellet 
was incubated for 20 min at 25°C in 400 u,l NIB containing 
5 mM dithiothreitol (DTT). DTT reduction was stopped by 
addition of Af-ethylmaleimide to a 1 mM concentration and 
incubated for 10 min at 25°C. Samples were centrifuged at 
1200 X g for 20 min at 2°C, and each pellet was resus- 
pended in NIB to a final concentration of 2 X 10 4 sperm/pl 

Further pretreatment in Mil-Extract. Frozen aliquots of 
Mil-Extract were thawed on ice and were supplemented 
with l/10th volume of a 10-strength ATP-regenerating mix 
(single-strength: 0.4 mM creatine phosphate, 0.4 |xg/ml cre- 
atine phosphokinase, 0.1 mM CaCl 2 in sterile water). Pre- 
treated sperm were then diluted 1:5 into the extract to a 
final concentration of 4000 sperm/ul The reaction was in- 
cubated at 25°C for 10-18 min, depending on the MII- 
Extract, until the sperm had undergone maximum swelling 
as observed by fluorescent staining with Hoechst 33342. 
The sample was then placed on ice for 60 min. 

Nuclear activation and replication in Interphase-Extract 
The Mil-Extract was triggered to enter interphase by ad- 
dition of 1.2 mM CaCl 2 and incubation at 25°C for 10 min; 
it was then diluted into 9 volumes of Interphase-Extract 
supplemented with 0.4 mM creatine phosphate and 0.4 jxg/ 
ml creatine phosphokinase. The Interphase-Extract was in- 
cubated at 25°C for 180 min and throughout this time was 
sampled at regular intervals by withdrawing 5-pJ aliquots. 
The kinetics of DNA synthesis were determined by incor- 
poration of [a- 32 P]dCTP followed by gel electrophoresis of 
the labeled product; DNA replication on a per nucleus level 
was determined by incorporation of biotinylated dUTP fol- 
lowed by Texas Red/streptavidin staining; quantitation of 
the extent of DNA synthesis was determined by incorpo- 
ration of bromo-dUTP (Br-dUTP) followed by CsCl density 
gradient centrifugation, as previously described [10, 33]. 

By using Gaussian curve analysis of the peaks resolved 
in the CsCl density gradient, we determined the percentages 
of replicated and unreplicated molecules present at the be- 
ginning and end of S-phase and used these values to deduce 
the efficiency of replication [10]. The formula used to quan- 
titate the process of DNA replication was: 

HL 

2 




HL 4LLH 
— + LL + — 



HL = once-replicated heavy-light DNA; LL = unreplicated 
light-light DNA; LLH = partially replicated DNA. 



Incubation Time 
in Interphase-Extract (min) 

FIG. 1. Preincubation time in Mil-Extract was critical for efficient rep- 
lication. Human sperm were preincubated for increasing times in an Mil- 
Extract and were then assayed for replication upon dilution into Inter- 
phase-Extract. The results from 2 representative independently performed 
experiments are shown in A and B. In each case, DNA replication was 
assayed by measuring [a- 32 PjdCTP incorporation into genomic DNA. A) 
Preincubation times in Mil-Extract: 0 min (squares), 15 min (diamonds), 
20 min (triangles), and 35 min (circles); B) 6 min (circles), 12 min (tri- 
angles), 15 min (squares). In addition, DNA replication was not observed 
in 5 additional experiments in which sperm were not preincubated in 
Mil-Extracts. 



Fluorescent Imaging and Deconvolution 

Fluorescent images of nuclei stained with Hoechst 33342 
were acquired and analyzed using the CELLscan decon- 
volution system as described previously [18]. In brief, this 
system collects a series of optical sections at focal planes 
0.25 u.m apart using a 100X/1.4 N.A. Olympus (Tokyo, 
Japan) objective connected to a piezoelectric Z-axis focus- 
ing device and a computer-controlled excitation light shut- 
ter. The set of images is then deconvolved by application 
of the Exhaustive Photon Reassignment algorithm built into 
the CELLscan software. This algorithm vectorially reas- 
signs the light haze contributed by fluorescent structures 
located above and below the plane of optimal focus to its 
proper places of origin after accurate characterization of the 
blurring function of the optical system. Measurements of 
distances in the XY-axis were performed after calibration 
of the CELLscan software using a CELLscan system stage 
micrometer as an external metric standard. 

RESULTS 

Investigations Leading to an Optimized In Vitro System 

We set out to develop a 4-step protocol for in vitro re- 
activation and replication of human sperm that recapitulates 
the process of pronucleus development in fertilized human 
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FIG. 2. Morphological changes of human sperm in Mil-Extract. Chem- 
ically pretreated sperm nuclei were incubated in Mil-Extract for the times 
indicated and were then fixed and stained with Hoechst 33342 for ob- 
servation with brightfield and fluorescent microscopy. Nuclear envelope 
breakdown was followed by chromatin decondensation, chromatin re- 
condensation, nuclear ruffling, and eventual dispersion into fibers (not 
shown; bar = 5 jxm). 



eggs. In this protocol, intact sperm were first treated with 
lysolecithin to permeabilize the plasma membrane and then 
with DTT to disrupt the disulfide bonds between the sperm 
protamines. Chemically pretreated sperm were then incu- 
bated in Mil-Extract and next diluted into Interphase-Ex- 
tract, where pronucleus formation and DNA replication 
take place. Figure 1 demonstrates that efficient replication 
in pretreated human sperm nuclei in the Interphase-Extract 
was critically dependent on a limited period of preincuba- 
tion in Mil-Extract. In 5 separate experiments, sperm sam- 
ples not preincubated in Mil-Extracts failed to replicate 
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FIG. 3. Area measurements of human sperm incubated in the Mil-Ex- 
tract. Aliquots of chemically pretreated sperm were incubated in Mil- 
Extract, fixed, and then stained with Hoechst 33342. Images were pho- 
tographed using a charged coupled device camera driven by IPLab Spec- 
trum (Scanalytics, Billerica, MA) software and were analyzed with NIH 
Image (Bethesda, MD) software. Each data point represents the mean area 
measurement of approximately 20 sperm nuclei. The results were ob- 
tained from 3 independently performed experiments. Error bars indicate 
the 95% confidence interval for each mean (i.e., mean ± 3 SD). 



DNA upon dilution into Interphase-Extract (data not 
shown). Cytological examination revealed that human 
sperm nuclei were still very compact following lysolecithin 
permeabilization and disulfide reduction, but they swelled 
very rapidly when they were incubated in Mil-Extract (Fig, 
2). The point of maximum swelling was reached after 10- 
18 min (average: 12 min, from 25 separate experiments) 
depending on the particular batch of Mil-Extract. There- 
after, nuclear size decreased slightly and the contour of each 
nucleus appeared more ragged (Fig. 2). Nuclei eventually 
formed dispersed chromosomal fibers (data not shown). 

Nuclei preincubated in Mil-Extract to the point when 
they first achieved maximum swelling went on to synthe- 
size DNA rapidly once diluted into Interphase-Extract 
(compare Figs. 1 and 3). In contrast, sperm nuclei not ex- 
posed to Mil-Extract did not synthesize DNA in Interphase- 
Extract. Nuclei preincubated in Mil-Extract for more than 
the optimal length of time exhibited lower overall replica- 
tion and stopped DNA synthesis sooner (compare 15-min 
and 20-min samples in Fig. 1). Thus, measurement of nu- 
clear area in Mil-Extract provided a convenient means of 
optimizing subsequent replication in Interphase-Extract. 

Because activated Xenopus eggs progress through the 
cell cycle very quickly, small differences in the time or 
temperature at which activated eggs are incubated prior to 
preparation of Interphase-Extract have major effects on the 
intrinsic capacity of the extract to support DNA synthesis. 
For instance, extracts prepared from eggs incubated for 28 
min at 20°C after activation with calcium ionophore 
A23187 exhibit the highest DNA synthetic capacity in Xen- 
opus erythrocyte nuclei [13]. In order to establish which 
Interphase-Extract exhibited the highest capacity for DNA 



HUMAN SPERM REPLICATION IN VITRO 915 




30 60 90 120 
Incubation Time 
in Interphase-Extract (min) 



150 



FIG. 4. Preparation of optimal Interphase-Extract. A and B) Results of 2 
independently performed experiments using 2 independently prepared 
sets of Interphase- Extracts. In each case, fully pretreated sperm were di- 
luted into different batches of Interphase-Extract prepared from eggs that 
had entered the cell cycle for increasing lengths of time at 20°C. A) 12 
min (diamonds), 1 7 min (squares), 22 min (triangles), and 26 min (circles); 
B) 17 min (squares), 22 min (triangles), and 27 min (circles). DNA repli- 
cation was assayed by measuring [ot- 32 P]dCTP incorporation. The results 
of both experiments demonstrated that the extract prepared from eggs 
activated for 22 min exhibited the highest DNA synthetic capacity when 
measured over the entire time course of the reaction. 



synthesis in pretreated human sperm nuclei, a large batch 
of unfertilized Xenopus eggs was synchronously activated 
at 20°C; groups of eggs were removed after 12, 17, 22, and 
26 min and were then used to prepare separate extracts. 
The results demonstrate that all 4 extracts supported DNA 
synthesis in human sperm pronuclei, but the extract pre- 
pared from eggs incubated for 22 min after activation had 
the highest DNA synthetic capacity (Fig. 4). These findings 
were reproduced on 4 separate occasions, and results from 
2 of those experiments are shown in Figure 4. The reasons 
for the difference between the optima for frog erythrocyte 
and human sperm nuclei remain to be explored but may 
relate to the fact that sperm chromatin is composed of prot- 
amines while erythrocyte chromatin contains histones. 

The Kinetics of DNA Synthesis in the Optimized System 

Chemically pretreated sperm nuclei incubated in Mil-Ex- 
tract and then diluted into a 22-min Interphase-Extract decon- 
densed, formed pronuclei, and replicated DNA (Fig. 5). The 
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FIG. 5. Morphological changes of human sperm in Interphase-Extract. 
Sperm nuclei were pretreated, incubated in Mil-Extract, and then diluted 
into 22-min Interphase-Extract containing biotinylated dUTP. Aliquots of 
sperm were removed at the indicated times. After fixation, samples were 
stained with Texas Red/streptavidin to detect newly replicated DNA and 
counterstained with Hoechst dye to visualize total DNA. Nuclei were not 
stained with Texas Red/streptavidin after 60 min but gradually became 
larger and increasingly stained thereafter (bar = 1 1 jim). 



overall rate of DNA synthesis in such reactions was readily 
measured by [a- 32 P]dCTP incorporation. The results in Figure, 
6 (and below) demonstrate that the lag period and rate of 
DNA synthesis were rather similar in many separate experi- 
ments. DNA synthesis ended abruptly and was followed by 
a plateau period, during which [a- 32 P]-labeled DNA was re- 
covered as high molecular weight molecules (not shown). Ad- 
dition of aphidicholin, an inhibitor of DNA polymerase a, 
blocked subsequent incorporation of [a- 32 P]dCTP completely 
(results not shown), indicating that [a- 32 P]dCTP incorporation 
was not due to DNA repair. 
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TABLE 1 . The synchrony of DNA replication. 
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in Interphase-Extract (min.) 

FIG. 6. The rate of [a- 32 P]dCTP incorporation in the complete optimized 
in vitro system. Three different aliquots of human sperm from separate 
proven fertile donors were examined for DNA replication using the op- 
timized 4-step protocol in 3 independently performed experiments. The 
kinetics of DNA replication are expressed as a percentage of maximum 
incorporation at the end of S-phase. The similarities in the kinetics of DNA 
replication and in the lag period before the onset of S-phase among these 
samples illustrate the reproducibility of the in vitro system. 



Cytological Analysis of the Synchrony of Nuclear 
Replication 

Labeling with [a- 32 P]dCTP is the most convenient tech- 
nique for establishing relative rates of DNA synthesis, but 
it does not reveal the percentage of pretreated nuclei that 
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initiate and proceed through DNA replication. In order to 
measure this aspect of replication, we employed continuous 
incorporation of biotinylated dUTP followed by staining 
with Texas Red/streptavidin (see Materials and Methods). 
Prior to the start of S-phase, all nuclei are small and com- 
pact and do not stain red (i.e., do not incorporate biotiny- 
lated dUTP). When S-phase begins, nuclei swell and stain 
light red, indicating that some DNA synthesis has occurred. 
As S-phase continues, nuclei become larger and redder, in- 



FIG. 7. Deconvolved images of Hoechst- 
stained replicating nuclei. Individual nu- 
clei were optically sectioned through the 
Z-dimension, and the resulting images sets 
were deconvolved using CELLscan imag- 
ing software (see Materials and Methods). 
Notice that images are normalized in size. 
Numbers in each image correspond to 
measurements of nuclear diameter in the 
XY-plane. These data demonstrate that the 
onset of S-phase by 60 min was accompa- 
nied by rapid swelling that was followed 
by more gradual swelling at later times. 
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dicating that more and more newly synthesized DNA has 
accumulated in each nucleus (see Fig. 5). Using this ap- 
proach we scored the percentages of not-red, light-red, and 
bright-red nuclei in samples collected before and after S- 
phase. Table 1 displays those data obtained in 5 separate 
experiments. These results demonstrate that 78-97% of nu- 
clei (average 87%) replicated enough DNA by the end of 
S-phase to be scored as bright-red. The remaining nuclei, 
3-22% (average 13%), were either still unreplicated (not- 
red) or partially replicated (light-red), even after 165 min. 

Deconvolution of Fluorescent Images Also Revealed the 
Homogeneity of Replicating Nuclei 

Conventional fluorescent imaging is useful for assessing 
relative levels of Texas Red/streptavidin staining among bi- 
otin-labeled nuclei, but it does not generate particularly 
clear images of nuclear structure. This limitation is typical 
of virtually all fluorescent objects and is attributable to the 
fact that light emitted from all out-of-focus planes is su- 
perimposed on the light emanating from the in-focus plane 
being examined. Mathematical deconvolution of fluorescent 
images allows the out-of-focus light to be reassigned back 
to its plane of origin [19,20]. Figure 7 illustrates decon- 
volved images of 12 different human sperm pronuclei dur- 
ing the course of S-phase. Two characteristics of these im- 
ages stand out: 1) the images demonstrate that the chro- 
matin within decondensing nuclei changed in structure from 
very thick, ropelike fibers to very thin, threadlike fibers; 2) 
they show that at each point in time, different nuclei had 
very similar structures. 

Quantitative Analysis of the Extent of Genome 
Replication via CsCI Labeling 

The biotinylated dUTP-labeling experiments described 
above demonstrate that 78-97% of human sperm pronuclei 
replicated DNA within 2 h in the optimized system, but 
they do not rigorously demonstrate the extent of genome 
replication. Quantitative analysis of total DNA synthesis 
was carried by labeling replicating DNA with Br-dUTP and 
then analyzing it via CsCI density gradient centrifiigation. 
Figure 8 reveals that at the start of S-phase (60 min), all of 
the DNA was unlabeled and was therefore recovered from 
the light-light (LL) position on the gradient. In contrast, at 
the end of S-phase (180 min), 21.4% of the total DNA 
remained unreplicated [LL], while 76.7% had replicated 
once and was recovered as heavy-light (HL) DNA. An ad- 
ditional 1.9% of the DNA was of intermediate density. The 
percentage of LL DNA present after 180 min (21.4%) was 
consistent with the maximum percentage of not-red and 
light-red nuclei present at the end of S-phase in biotinylated 
dUTP-labeled samples (22%, see Table 1). This situation 
may reflect the fact that Br-dUTP partially inhibits DNA 
synthesis when added at the concentrations needed for ex- 
tensive substitution of thymidine [10]. Taken together, these 
results lead us to conclude that biotin-labeled nuclei scored 
as bright-red by the end of S-phase replicated all or nearly 
all of each of their genomes. 

In order to account for complete genome replication in 
such a very short S-phase in our in vitro system, virtually 
all replicons in each nucleus must initiate DNA synthesis 
at approximately the same time. This conclusion is consis- 
tent with Newport's direct measurements of replicon elon- 
gation in Xenopus sperm nuclei [21] and with classical ob- 
servations of replicating DNA in early embryonic nuclei 
[22]. Random shearing of partially replicated DNA mole- 



Incubation Time in Interphase-Extract (min.) 
0 30 60 90 120 150 180 




LL 



500 



LLH 
I i i i 



HL 
. I t 



< © 400 
Ox J 

1 <L 3004 
200 + 



B 



500" 



?2 400 
Q x 

i- 300t 



IS 



200" 



500 



Z 2 400 
Q x 

|| 300 + 
200 -- 



\ 




Refractive Index 

FIG. 8. The extent of genome replication measured by Br-dUTP density 
labeling. A) Fully pretreated sperm nuclei were incubated in Interphase- 
Extracts supplemented with (a- 12 P]dCTP, and aliquots were taken to de- 
termine the kinetics of DNA synthesis. B-D) The same fully pretreated 
sperm nuclei were incubated in the same Interphase-Extract supplement- 
ed with Br-dUTP instead, and aliquots were taken at various incubation 
times to assess the extent of replication by CsCI density gradient centri- 
fugation analysis [10J. The incubation times assessed were B) 0 min (prior 
to S-phase); C) 120 min (during S-phase); D) 180 min (at the end of S- 
phase). The positions of unreplicated LL DNA (Rl = 1.3994), partially 
replicated LLH DNA (Rl = 1.4012), and once-replicated HL DNA (Rl = 
1.4051) are indicated by heavy tick marks on the x-axes and labeled 
above panel B. 
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FIG. 9. Use of the Xenopus egg extract 
system to compare the responses of sperm 
from fertile and subfertile men. A) Kinetics 
of DNA replication of sperm from proven 
fertile donors. Each line corresponds to a 
separate experiment. Fifteen separate ex- 
periments using 5 different proven fertile 
donors are shown. All sperm samples were 
analyzed using the same extract system. 
These data establish the range of responses 
observed in control sperm samples in the 
egg extract. B) Comparison of kinetics of 
DNA replication of sperm samples from 
known fertile and subfertile men. Each 
line corresponds to a separate experiment. 
Ten separate experiments using 8 samples 
from known subfertile patients with 0-3% 
low normal morphology are shown. The 
shaded area corresponds to the response 
range of sperm from proven fertile donors 
shown in A. Two of the samples from the 
8 subfertile donors (BIVF*2 and BIVFJ9) 
displayed rates of [a- 32 P]dCTP incorpora- 
tion that were faster than those in control 
sperm (see text for details). 
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cules labeled with Br-dUTP would be expected to generate 
fragments of HL DNA from fully replicated replicons, frag- 
ments of LL DNA from unreplicated DNA, and DNA frag- 
ments of intermediate density corresponding to transient 
replication intermediates consisting of unreplicated and rep- 
licated DNA (LLH DNA). CsCl density gradient analysis 
of samples prepared partway through S-phase (120 min in 
Fig. 8C) demonstrate the presence of both an HL DNA 
peak and a peak that has a density slightly greater than that 
of LL DNA. We call this material LLH DNA, and we con- 
sistently observed that the LLH peak decreased as the HL 
DNA increased toward the end of S-phase. 

Use of the Xenopus Egg Extract System to Compare the 
Responses of Sperm from Fertile and Subfertile Men 

To assess the diagnostic potential of our Xenopus egg 
extract system, we have started to compare the responses 
of sperm samples from known fertile and subfertile pa- 
tients. Thus far samples have been prepared from 10 sub- 
fertile men undergoing fertility treatment at the Boston Fer- 
tility Laboratories, Inc. All samples scored in the 0-3% 
range for normal morphology. Control samples were ob- 
tained from 5 proven fertile donors displaying 6-14% nor- 
mal sperm morphology. 

Regardless of the fertility status of each donor, all sperm 
samples underwent nuclear envelope breakdown and chro- 
matin reorganization in the Mil-Extract and went on to ac- 
quire envelopes, form pronuclei, and undergo DNA repli- 
cation upon dilution into the Interphase-Extract. Analysis 
of the kinetics of sperm DNA replication from 15 separate 
experiments using 5 proven fertile donors established the 



range of responses that could be observed in normal sperm 
samples (Fig. 9A). Two of the samples from the 8 subfertile 
patients displayed rates of [a- 32 P]dCTP incorporation that 
were faster than any of those observed for the proven fertile 
donors. These differences in replication rates were most 
evident after 90 min, just after DNA synthesis had begun. 
Fluorescent microscopy did not reveal why the 2 subfertile 
samples synthesized DNA more rapidly (data not shown). 

DISCUSSION 

We have designed and optimized a 4-step protocol for 
in vitro reactivation and replication of human sperm that 
recapitulates the process of pronucleus development in fer- 
tilized mammalian eggs. In Step 1, intact sperm are treated 
with lysolecithin to permeabilize the plasma membrane. 
This step replaces sperm-egg fusion during normal fertil- 
ization. In Step 2, permeabiiized sperm are incubated in 
dithiothreitol, a reducing agent that disrupts the disulfide 
bonds between the protamines of the sperm head. During 
normal mammalian fertilization this step takes place within 
the egg cytoplasm in response to glutathione. In Step 3, 
chemically pretreated sperm are incubated in Mil-Extract 
prepared from unfertilized/unactivated Xenopus eggs ar- 
rested in meiotic metaphase II. In the presence of the MII- 
Extract, pretreated sperm undergo nuclear envelope break- 
down and chromatin reorganization and eventually disperse 
into separate chromosomes. The Mil-Extract mimics the 
environment that the sperm encounters immediately after 
entering the egg's cytoplasm. In Step 4, pretreated sperm 
nuclei are diluted into an Interphase-Extract prepared from 
Xenopus eggs that have been induced to enter the cell cycle 
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in response to Ca 2+ ionophore treatment. The Interphase- 
Extract mimics the environment of an activated egg and 
has been optimized for DNA replication in human sperm 
pronuclei. Under these conditions, all nuclei form pronu- 
clei, and 78-97% of these pronuclei initiate and complete 
genome duplication. Replication of each human genome 
takes less than 2 h in this system, consistent with the very 
fast cell cycle of the intact frog egg [23]. Our results are 
in accord with a substantial body of evidence demonstrating 
that factors in metaphase II-arrested egg cytoplasm are re- 
quired for subsequent reinitiation of DNA synthesis in ac- 
tivated egg cytoplasm [24]. The use of 2 types of Xenopus 
egg extracts in our 4-step procedure distinguishes this work 
from previous studies of human sperm nuclear reactivation 
in vitro. 

To our knowledge this is the first fully optimized system 
for reactivation and replication of human sperm nuclei in 
Xenopus egg extracts. Xu et al. [8] recently reported com- 
plete human sperm nuclear replication in a system employ- 
ing only a single extract prepared from activated Xenopus 
eggs. However, DNA synthesis was only 60% complete 
after 4 h and required 9 h to achieve genome doubling. 
Fertilized Xenopus eggs divide approximately 12 times and 
synthesize at least 1000 genomes worth of DNA in that 
amount of time. Although we have not directly compared 
our system to that of Xu et al. [8], our results suggest that 
the rate of DNA synthesis is greatly increased by preincu- 
bation of sperm nuclei in Mil-Extract prior to dilution into 
Interphase-Extract. We further propose that the reason Xu 
et al. [8] observed DNA replication at all is that they pre- 
pared their extract from metaphase-II-arrested eggs that 
were activated at the time of extract preparation. Extracts 
prepared under these conditions contain transient levels of 
HI kinase activity. 

We foresee that in vitro systems for human sperm pro- 
nuclear formation and replication will prove useful for a 
variety of future studies. For instance, we are currently us- 
ing fluorescent in situ hybridization to analyze the location 
and unfolding of centromeres and telomeres in decondens- 
ing sperm nuclei. Our results confirm that most centromeres 
co-localize in a chromocenter in the condensed sperm ge- 
nome [25], and they demonstrate that the chromocenter per- 
sists during the initial decondensation process in MII-Ex- 
tract (personal communication with Serra et al.). 

We are also utilizing our optimized system to study the 
properties of sperm from normal and subfertile men. Pre- 
liminary comparisons of the responses of known fertile and 
subfertile sperm in our optimized system show no corre- 
lation between low percentage normal morphology and the 
ability of sperm from subfertile men to form pronuclei and 
replicate in vitro. However, relative to proven fertile sperm, 
2 of 8 subfertile sperm samples exhibited slightly faster- 
than-normal kinetics of DNA replication. Further analysis 
will be required to determine whether differences in the 
kinetics of pronuclear DNA synthesis can be used to dis- 
tinguish fertile from subfertile sperm samples and whether 
a heterologous system {Xenopus egg extract) can produce 
data that are representative of a homologous system (human 

Brown and coworkers [26] have reported that a signifi- 
cant percentage of sperm samples prepared from infertile 
men undergo abnormal nuclear swelling and DNA synthe- 
sis in an egg extract assay, while virtually no control sam- 
ples from fertile men fail the same assays. These investi- 
gators use a single extract prepared from activated eggs, as 
compared to our two-extract system. It is possible that we 



have not observed major differences in sperm nuclear de- 
condensation and replication among samples from infertile 
men because of the high efficiency of our two-extract sys- 
tem. Unlike our experimental system, the one-extract sys- 
tem described by Brown and coworkers [26-28] provides 
no evidence for complete genome replication, even among 
control sperm samples. As we have tried to emphasize and 
demonstrate in this paper, mere detection of nuclear swell- 
ing, or incorporation of a radioactive precursor, does not 
demonstrate whether DNA synthesis is efficient, extensive, 
or synchronous. 

Finally, we suggest that our in vitro system may provide 
insights into the critical events that must take place within 
the human egg after 1CSI to achieve normal development. 
For instance, we have observed that the length of time that 
a sperm nucleus is incubated in the Mil-Extract greatly af- 
fects the rate and extent of DNA replication in the subse- 
quent S-phase. Maximum replication occurs when maxi- 
mum nuclear swelling takes place prior to S-phase; but ful- 
ly swelled nuclei gradually become more compact if they 
remain in the Mil-phase cytoplasm too long, and they no 
longer replicate efficiently. These phenomena warrant de- 
tailed biochemical investigation in light of reports that eggs 
fertilized by 1CSI show slower-than-normal rates of cell 
cycle activation [29] and delayed patterns of nuclear de- 
condensation in monkeys [30]. 
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Normal development is an 
inefficient process — only 31 of 
every 100 human conceptions com- 
plete the journey. Development via somatic cell 
nuclear transfer (SCNT), under the direction of adult DNA from a 
specialized cell is even less efficient, with success rates of about 
one in 300 or worse. Although nearly as many questions remain as 
when SCNT was first attempted half a century ago, researchers are 
closing in on why it is so difficult to emulate normal development 
starting with this most unusual genetic headquarters. 

The major distinction between development via sperm and egg 
versus SCNT is a profound perturbation of gene expression. The 
deviations arise from various sources, including influences of the 
culture medium and factors in the nucleoplasm and cytoplasm. 
When all goes well, morphogens interact to effectively reprogram 
the new nucleus, which is vital to resetting the developmental pro- 
gram. But even the most prominent researchers readily admit that 
much of what transpires in SCNT is a mystery. Says John Gearhart, 
director of stem cell biology at the Institute for Cell Engineering at 
Johns Hopkins University, "If you figure out how to reprogram a 
nucleus, let me know." 

MORE THAN NEW DNA Biologists know some steps in the 
basic choreography of fertilization. In most mammals examined, 
just before the male and female pronuclei meet and merge, the 
paternal genome is globally and actively demethylated, and the 
maternal genome passively follows. About when the blastocyst 
implants in the uterine wall, the first inklings of determination and 
then differentiation begin as methylation ensues in a stepwise, 
lineage-specific manner. This epigenetic pattern is stamped on fur- 
ther cell generations. Imprinted genes escape the initial CH3 
removal, remaining tenaciously methylated at key stretches of CpG 
dinucleotides. For these genes, only one parent's allele is normally 
expressed in offspring. 

"The goal in nuclear transfer (NT) is to reproduce the condi- 
tions of a very early, one-cell embryo produced by fertilization, 
because these embryos clearly develop very nicely," says Tony Perry, 
head of the laboratory of mammalian molecular embryology at the 
Riken Center for Developmental Biology in Kobe, Japan. But SCNT 
is fraught with difficulties, both in technique and assumptions. 
Even the seemingly logical assumption that clones would be identi- 
cal rarely holds up. 

"Animal clones may have greater variability in some traits than 
conceiving the old-fashioned way," says Randy Jirtle, a professor of 
radiation oncology at Duke University Medical Center. Cloned cat 
CC, for example, differs from her nucleus donor in coat color due 



to different inactivation patterns at X-linked 
coat-color genes. Perhaps less anticipated were the 
distinctive personalities of the two cats (although cat 
owners might not be surprised — felines do things as they see 
fit, even accessing their genomes). And pigs cloned at Texas A&M 
University vary significantly in levels of certain blood components. 1 
FIFTY YEARS OF NUCLEAR TRANSFER CC and the Texas 
porkers are members of a select club: the successfully cloned. In 
1952, Robert Briggs and Thomas J. King first transferred nuclei 
from somatic cells to enucleated eggs and watched development 
unfold in the northern leopard frog Rana pipiens. In the 1960s and 
1970s, SCNT experiments continued in the South African clawed 
frog, Xenopus laevis, by John Gurdon and others. Decades later 
Dolly the sheep, Cumulina the mouse, and cloned calves Charlie 
and George brought mammals into the society, demonstrating that 
SCNT can succeed — albeit rarely and problematically. 

"Briggs, King, and Gurdon were an excellent starting point for a 
student of nuclear transfer. The problem is that they are also some- 
thing of a finishing point," says Perry. Little has been learned since 
then about what happens when SCNT works. What is known, gen- 
erally, is that nuclear reprogramming is the first major hurdle a cell 
created by SCNT must surmount. In successful cloning experi- 
ments, the problem appears to work itself out, although whether 
development unfolds normally isn't known. A relocated somatic 
cell's genome must silence those genes that made it part of a breast 
or connective tissue, while activating the generic program that nor- 
mally runs in a fertilized ovum. 

The basic problem: A somatic cell's DNA in an egg is a decidedly 
unnatural circumstance. Eclectic experiments are revealing some of 
the points at which the unusual embryonic journey of SCNT goes awry. 

CULTURE SHOCK AND TRANSFER WOES Culture medium that 
nurtures donor cells can affect later gene expression if it contains 
nutrients that methylate DNA. This connection became evident rather 
unexpectedly when assisted reproductive technology registries began 
reporting cases of extremely rare human imprinting disorders, such 
as Beckwith-Wiedemann syndrome, Angelman syndrome, and 
retinoblastoma, associated with in vitro fertilization (IVF). 2 Although 
the higher incidence could reflect reporting bias or underlying infer- 
tility issues, another explanation is that the culture medium methy- 
lates certain imprinted genes in cells destined for IVF. Jirtle's group 
has shown that single carbons from methionine and choline form the 
basis of methyl groups, and folic acid, vitamin B, 2 , and pyridoxal 
phosphate are cofactors essential for methyl metabolism.3 

If methionine in culture medium causes imprinting disorders 
in children born after IVF, it might also alter methylation of DNA 
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O IMPRINTED: Just after fertilization, 
a global demethylation event occurs In the zygote, 
first in the paternal pronucleus, followed by the maternal pronucleus. 
Imprinting established during gametogenesis must resist this demethyla- 
tion process. Remethylation of the diploid genome occurs post-implanta- 
tion and sets secondary imprints that are maintained for the life of the 
individual. (From S.K. Murphy, R.L jirtle, BioEssays, 25: 577-88, 2003.) 

O THESE LITTLE PIGGIES: The cloned pigs show similar, yet distinct 
spotting patterns due to epigenetic influences. The migration of 
pigmented cells is affected by random phenomena. 
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destined for SCNT. "We must learn how to optimize the media to 
maintain epigenetic profiles, " says Jirtle. 

Rudolf Jaenisch, professor of biology at the Massachusetts Insti- 
tute of Technology, and colleagues investigated an effect of media 
conditions by comparing expression of 10,000 genes in the livers 
and placentas of mice cloned from "stale" cultured embryonic stem 
cell (ESC) nuclei or "fresh" cumulus cell nuclei.* All the mice had 
large offspring syndrome (LOS), which affects most cloned mam- 
mals as well as those derived from assisted reproductive technolo- 
gies. The researchers found double the normal expression for 286 
genes from cumulus-cell clones and 221 genes from ESC clones, 
with 76% overlap. The affected genes encode proteins essential for 
embryogenesis, including growth factors, receptors, enzymes, clot- 
ting factors, MHC antigens, and histone deacetylases. But deter- 
mining whether or not these gene-expression profiles were the 
result of culture conditions required further experiments. 

Using a manipulation called tetraploid complementations they 
isolated an effect of culture conditions. This technique overcomes 
a major limitation of cloning from ESCs — they cannot create a 
placenta. Normally, explains Jaenisch, ESCs are injected into a 
diploid blastocyst, and the resulting mosaics must be bred to 
obtain a clonal animal. 

Using tetraploid helpers generates ESC-derived embryos faster, 
Jaenisch says. "Two cells fuse to form a tetraploid cell that divides to 
form a very nice blastocyst, but it doesn't develop. The tetraploid cells 
exclude the epiblast lineage, so they don't make an embryo." But mix 
embryonic stem cells and tetraploid cells, "and we get a mouse 
embryo that is entirely derived from ES cells, but supported by a 
tetraploid placenta." Such an embryo is a clone of the embryonic stem 
cell, but it is not necessarily derived using SCNT, Perry points out. 

Unlike NT-derived mice using ESC or cumulus cell nuclei, the 
mice whose development began with the help of tetraploid 
extraembryonic structures had normal placentas and no LOS. 
Expression of some genes, however, differed in the NT ESC- 



derived mice and the terra ploid-derived mice, revealing effects on 
the ESC clones caused by NT. 

But the observation that the expression of some genes was 
altered in embryos derived from the two sources of ESCs (NT and 
tetraploid complementation), but not in cumulus-derived embryos, 
suggests that some of the differences in gene expression in a clone 
reflect nucleus source. 

THE CENTER OF IT ALL The amphibian work of the 1950s and 
1960s revealed that the younger or less specialized the donor 
nucleus, the higher the success rate of SCNT Results in mice are 
similar: Transferring nuclei from 2-celled embryos leads to a 22% 
birth rate, yet that number plummets to 14% for a 4-cell-stage 
donor and to 8% for an 8-cell-stage donor. 6 Only 1-3% of nuclei 
transferred from differentiated cells from adult frogs support full 
prenatal development. Using donor cells functionally related to the 
germline increases those odds slightly. 
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But even the most specialized cell does not have its genetic 
headquarters irreversibly silenced. Groups at Harvard University 
and Rockefeller University cloned mice from highly specialized 
olfactory sensory neurons (0SN)7.« Each OSN expresses only one 
of roughly 1,500 olfactory receptor genes, but clones had the full 
olfactory repertoire indicating donor-nucleus reprogramming. 

The list of adult cell types whose nuclei can support at least lim- 
ited development is growing. Jaenisch and Konrad Hochedlinger 
had previously cloned mice using a distinctive adult somatic cell 
nucleus donor— B cells, which normally rearrange their genomes 
in response to exposure to antigen. Every cell in the cloned mice 
had the altered genome characteristic of the donor B cell.9 Even 
cancer-cell nuclei, in mice, can recapitulate very early development 
Jaemsch's group used DNA from leukemia, lymphoma, and breast 
cancer cells to generate preimplantation embryos, 10 and James 
Morgan's group at St. Jude Children's Research Hospital in Mem- 
phis, Tenn., used nuclei from medulloblastoma cells. 11 

If SCNT works with a donor cell so specialized it is dubbed "ter- 
minally differentiated"— as with an OSN— then anything is possi- 
ble given the appropriate signals. And that's where the 
nucleoplasm and ooplasm enter the picture. 

JUMPSTARTING THE PROGRAM Once a somatic cell nucleus is 
transferred, factors in the recipient ooplasm stimulate reprogram- 
ming. At this point, the egg cells— technically still oocytes before fer- 
tihzation— have had their DNA removed and are arrested at 
metaphase of the second meiotic division, when the nuclear mem- 
brane temporarily breaks down. "Metaphase II chromosomes are 
removed and not nuclei. The question is if and which crucial nuclear 
proteins are left behind," says Hans Scholer, director of the Max 
Planck Institute for Molecular Biomedicine in Munster, Germany. 

Scholer and Jeong Tae Do, both formerly at the Center for Ani- 
mal Transgenesis and Germ Cell Research at the University of 
Pennsylvania, demonstrated a role for nucleoplasm by fusing 
ESCs and their derivatives with neurosphere cells (NSCs), as a 
model of induced dedifferentiation that is easier to work with 
than oocytes." Fusing an NSC with an entire ESC activates OctA 
a gene expressed in pluripotent cells of the embryo up until gas- 
trulation. which is not normally expressed in NSCs, and there- 
fore marks reacquired pluripotency. The researchers then 
separated ESCs into karyoplasts (membrane-bounded nuclei with 
a hint of cytoplasm) and cytoplasts (membrane-bounded cyto- 
plasm). NSCs fused with ESC karyoplasts turned on OctA but 
NSCs fused with ESC cytoplasts did not. Therefore, the ESC 
nucleus contains factors necessary for reprogramming. Further, 
when the researchers blocked DNA replication by treating the 
ESC karyoplasts with mitomycin C, OctA was still expressed— 
indicating that something in the nucleus other than DNA plays a 
role in reprogramming. 



Just as important as turning on genes such as OcXa is turning 
off the genes that sculpted characteristics of the donor cell. John 
Gurdon and Ray Ng at the University of Cambridge showed that 
cells of cloned Xenopus "remember" their origin and express 
genes normally active in the nucleus donor cell. 1 * When the 
researchers transferred nuclei from neuroectoderm into enucle- 
ated oocytes, some of the resulting clones not only overexpressed 
the neuroectoderm marker Sox2, but did so in their endoderm, 
indicating that the inappropriate gene expression was both out of 
time and out of place. 

Skewed expression of OctA and Soxi are but two ways that SCNT- 
denved ofTspring veer from normalcy. If aberrant gene expression 
ensues and persists whenever a somatic cell nucleus finds itself in 
ooplasm— as Jaenisch's 10,000-gene arrays suggest— it isn't sur- 
prising that SCNT leading to birth is exceedingly rare. 

Taken together, experiments that correlate unusual gene 
expression patterns with the events of NT are revealing many 
points at which development leaves its normal path— suggesting 
that a clone such as Dolly may have superficially been just a 
sheep, but her tissues may have told a different story. It is per- 
haps ironic that as politicians and the public continue to debate 
SCNT m tissue engineering, and to universally condemn its use 
for human reproductive cloning, developmental biologists are 
discovering that in reproduction, the ends do not necessarily 
reflect the means. 

Kevin Eggan, a junior fellow in the department of molecular 
and cellular biology at Harvard University, who was involved in 
cloning a mouse from an olfactory neuron last year, sums up, 
"Everything we know from animal experiments suggests that a 
cloned child would likely be in danger of a number of developmen- 
tal abnormalities, both known and unknown." $ 

Ricki Lewis (rlewis(g>the-scientistcom) 
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O CLOWINC GOOD RESULTS: A mouse derived from a mature 
olfactory sensory neuron nucleus contained the complete olfac- 
tory repertoire. This mouse was created using tetraploid com- 
plementation from an OSN3 embryonic stem cell line 
expressing green fluorescent protein. (From K. Eggan et al 
Nature, 428:44-9, 2004.) 
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Cloned rabbits produced by nuclear transfer 
from adult somatic cells 

Patrick Chesne 1 , Pierre G. Adenot 1 , Celine Viglietta 1 , Michel Baratte 2 , Laurent Boulanger 1 , and Jean-Paul Renard 1 * 

We have developed a method to produce live somatic clones in the rabbit, one of the mammalian species con- 
sidered up to now as difficult to clone. To do so, we have modified current cloning protocols proven successful 
In other species by taking into account both the rapid kinetics of the cell cycle of rabbit embryos and the nar- 
row window of time for their implantation after transfer Into foster recipients. Although our method still has a 
low level of efficiency, it has produced several clones now proven to be fertile. Our work indicates that cloning 
can probably be carried out successfully in any mammalian species by taking into account physiological fea- 
tures of their oocytes and embryos. Our results will contribute to extending the use of rabbit models for bio- 
medical research. 



The rabbit is gaining attention in biotechnology because it offers 
several advantages over other laboratory animals for the study of 
several human physiological disorders 12 . Not only can physiologi- 
cal manipulations in this species be more easily carried out than in 
mice because of its larger size, but it is also phylogenetically closer 
to primates than are rodents 3 . Currently, the use of rabbits is limit- 
ed to large-scale production of foreign proteins 4 . Thus cloning, 
associated with the genetic modifications of donor cells, would 
greatly enhance the possible use of this species in biotechnology. 
In contrast to several other mammalian species, however, the rab- 
bit has not been very amenable to somatic cloning 5 - 6 , despite its 
pioneer role in defining nuclear transfer (NT) methods in mam- 
mals 7 . Here we describe a method that has allowed us to produce 
several healthy and fertile somatic clones of rabbit at about the 
same frequency as other mammalian species. Our results will con- 
tribute to extending the use of rabbit models for biotechnological 
applications. 

Results and discussion 

Rabbit NT embryos were reconstructed by electrofusion of freshly 
collected cumulus cells with recipient enucleated metaphase II 
(Mil) ooplasm. We chose this type of nuclear donor cells because 
they had been initially used as models to demonstrate the feasibil- 
ity of somatic cloning 8 9 . Confocal observations of reconstructed 
embryos, fixed 1 h after electrofusion, showed that donor nuclei 
exposed to Mil ooplasm had condensed into chromosomes 10 
(Fig. 1A). Instead of orderly chromosome arrays typical of Mil 
oocytes, we observed misaligned metaphase plates, very similar to 
those previously shown in the mouse to be compatible with full- 
term development 8 . We therefore activated NT embryos through a 
second set of electrostimulation and incubated them in the pres- 
ence of cycloheximide (CHX; a protein synthesis inhibitor) and 6- 
dimethylaminopurine (6-DMAP; a kinase inhibitor), two drugs 
known to facilitate the exit from artificially activated Mil stage, 
but with potential detrimental side effects on the cell cycle 1112 . 
Because the rabbit zygote enters S phase very early after activa- 



tion 13 , we focused on reducing the time of exposure to these 
inhibitors. We observed that they accelerated pronuclear forma- 
tion in artificially activated rabbit oocytes, but also caused high 
rates of parthenogenetic development to the blastocyst stage 
(90%, n = 130), even when the time of incubation was reduced to 
1 h. Upon removal of the inhibitors, 72% (n = 25) of NT embryos 
exhibited interphasic structures (Fig. IB), and 1 h later all were in 
interphase (Fig. 1C). When left in culture, 47% {n = 135) devel- 
oped into blastocysts at day 3 (D3). Their growth as determined 
from cell number counts at D3 and D4 was slower than that of 
blastocysts derived from in vivo or in vitro zygotes. At D4, the 
number of cells in NT blastocysts was similar to that of in vivo or 
in vitro zygotes at D3 (Fig. 2 A) . 

In rabbits, a rapid and significant expansion of blastocysts 
occurs in vivo and stretches the surrounding walls of the uterus so 
that their individual positions on the uterine horns become easily 
recognizable as "implantation sites" as early as D6 (ref. 14). 
Implantation, however, starts only at D7.5, with the progressive 
dissolution of blastocyst coverings apposed during the transit of 
the embryo through the female genital tract, thereby contributing 
to the narrow window of implantation in this species. Upon dis- 
section of the uterine horns at D8, we found that NT embryos 
could form some implantation sites (7 out of the 91 embryos 
transferred, 7.7%) following their transfer into synchronous 
recipients mated with a vasectomized male at the same time as 
donor females were mated. However, no embryonic structures 
were seen. Transfer into asynchronous recipients mated 16 h after 
the donor females were mated resulted in an increase in the 
implantation rate, which became only slightly lower than controls 
(12/59 or 20.3%, and 15/54 or 27.8%, respectively). Under these 
conditions we could recover embryos at the advanced blastocyst 
stage (see photo in Fig. 2B), but still surrounded by thin coverings 
of extracellular material, and thus, equivalent to D7 normal 
embryos 14 . None of the recipients transplanted either synchro- 
nously or asynchronously (-16 h) could be diagnosed pregnant at 
midgestation (Table 1), even when co- transferred with unmanipu- 
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d'Expe-rimentation Animate, Institut National de la Recherche Agronomique, F-78352 Jouy-en-Josas, France. Corresponding author: (renard@Jouyinra.fr). 
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Figure 1. Confocal images of unicellular NT embryos immunolabeled with 
the anti-a-tubulin antibody (green) and DNA stained with propidium iodide 
(red). (A) Before the second set of electrostimulation, a misaligned 
metaphase plate was associated with the spindle, and sometimes individual 
chromosomes (arrows in the insert) were localized near the spindle poles 
(insert: 3-fbld magnified view of the spindle region). (B) Upon removal of 
CHX and 6-DMAP. 72% of NT embryos (n = 25) showed a small nucleus 
and an interphasic microtubular network (arrow). (C) One hour after 
removal of the drugs, all NT embryos were in interphase and 71% (n = 17) 
exhibited a single and large pronucleus-like nucleus like those observed in 
normal rabbit zygotes (not shown). Bar, 50 urn. 



lated "helper" embryos of another strain (Fauve-de-Bourgogne), 
or transferred with an excess of NT embryos (up to 39 per female; 
data not shown). These observations suggested that only very few 
NT blastocysts could implant because their development was too 
delayed. In one case, we could observe a D8 NT blastocyst already 
adhering to the uterine epithelium and very similar in size to nor- 
mal implantation controls. We therefore extended the asynchrony 
between donor and recipient females from 16 to 22 h. Such a 
marked asynchrony at early cleavage stages of development had 
not been attempted previously with NT embryos, but can be com- 
patible with full-term development of fertilized eggs 1516 . Under 
these conditions, 10 out of 27 (37%) of the -22 h asynchronized 
recipients were diagnosed pregnant after palpation at D14. Four of 
these gave birth at D31 to six live kits (Fig. 3) weighing 30-90 g 
(mean value, 65 g). Such variability is also observed with kits born 
from reduced litter sizes (one to four fetuses) occasionally 
obtained in our facilities. Expression of a green fluorescent protein 
(GFP) transgenic marker from hair follicles (Fig. 3) and from lym- 
phocytes (not shown) confirmed that kits resulted from NT of 
cumulus cells. Two kits of normal morphological appearance 
(respective weights 90 and 30 g) died one day after birth, for one of 
whom we suspect failure in the adoptive process from the lactating 
mother. The four others are developing normally, and two of them 
(Fig. 3, Bl), when tested for fertility by natural mating, gave birth 
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Table 1. In vivo development of rabbit somatic nuclear transfer embryos 


Type of recipients 


Synchronous 


Asynchronous (-16 h) 


Asynchronous (-22 h) 


Stage of embryos 


1-cell 


1-cell 


4-cell 


No. of reconstructed embryos 


554 


523 


775 


[No. of replicates] 


[19] 


[18] 


[27] 


No. of fused embryos 


427 


346 


612 


[% from reconstructed] 


[77.1] 


[66.2] 


[79.0] 


Total transferred 


367 


346 


371 


[% from fused] 


[100.0] 


[100.0] 


[60.6] 


No. of recipients transferred 


19 


18 


27 


No. of recipients pregnant at day 14 


0 


0 


10 


[% from transferred] 






[37.0] 


No. of recipients delivering 


0 


0 


4 a 


[% from transferred] 






[14.8] 


No. of kits born 






6 


[% from embryos transferred] 






[1.6] 


Alive at weaning 






4 


Mean weight of kits at birth (g) 






65 ± 20 b 



a Abortions between day 15 and day 29 of pregnancy (13 cotyledons and degenerated fetuses recovered). 
"Mean weight of kits at birth in our facilities: 55.8 ± 17.0 g (sample size, n = 51). 



-o- +■ -o- 

tnvivo In vitro nuclear transfer control 

Figure 2. Development of rabbit blastocysts reconstructed with cumulus 
cells or derived from in wVo-fertilized embryos. (A) in vitro increase in cell 
number (mean ± s.e.) between D3 and 04 of embryos either recovered 
directly from donors {in vivo, n = 27), or cultured from the one-cell stage 
(-20 h post-hCG) after either natural mating (in vitro, n = 44) or nuclear 
transfer (NT, n = 31). (B) Mean diameters or lengths (in mm ; ± s.e.) of the 
embryonic disks of D8 blastocysts recovered directly from donors (in 
vivo) 20 , following transfer into recipients at the one-cell stage after natural 
mating (control, n = 9), or resulting from NT (n - 7). (C) Example of a 
retarded NT blastocyst recovered at D8 after transfer at the four-cell stage 
into a -16 h asynchronous recipient; embryonic disk (large arrow) is visible 
but the blastocyst is still surrounded by a thin layer of embryo covering 
(small arrow) that should normally have disappeared at D7 (ref. 14). 



to seven and eight healthy kits, respectively. 

In conclusion, our results show that the former limitations to 
successful rabbit somatic cloning have been overcome by taking into 
account species differences in oocyte physiology and early embry- 
onic development. Both a shortened timing for otherwise classical 
activation procedures and the transfer of reconstructed embryos 
into recipients retarded by nearly one day had a decisive influence 
on the in vivo development of NT embryos. The maximization of 
the developmental response of rabbit oocytes to external activating 
stimuli, through controlled Ca 2+ stimulation regimes 17 and charac- 
terization of the embryonic signals that regulate rabbit uterine 

epithelial responsiveness at implan- 
tation 18 , should help to improve term 
survival rates of embryos recon- 
structed with different types of 
somatic and cultured cells. 



Experimental protocol 

Source of oocytes and cumulus cells. 
Mil oocytes were collected from super- 
ovulated does of New-Zealand breed 
16 h after human chorionic gonado- 
trophin (hCG) injection and mating to a 
vasectomized male. They were incubated 
in 0.5% hyaluronidase (catalog no. 
H3506; Sigma. St. Louis, MO) for 15 min 
to remove cumulus cells by gentle pipet- 
ting. For nuclear transfer, oocytes were 
enucleated as described 19 . All manipula- 
tions were done in Ml 99 (Life 
Technologies, Rockville, MD). 20 mM 
HEPES (Sigma), supplemented with 
10% vol/vol FCS (Life Technologies). 
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Figure 3. Rabbits born from somatic nuclear transfer. (A) Cloned rabbit 0107 with 
corresponding controls: (A1 ) expression of the EGFP protein fluorescence (arrowhead) 
detected by confocal microscopy from hair follicles obtained from an ear biopsy at 1 month 
of age; (A2) the same under transmission light; (A3) amplifications of the EGFP transgene 
(PCR 2) and of the exon 10 of the CFTR gene used as DNA quality control (PCR 1 ) with 
expected fragment sizes of 240 bp for the CFTR gene and 350 bp for the EGFP transgene. 
This confirms that rabbit 0107 and its littermate 107b (who died 1 day after birth) were 
derived from the donor cumulus cell. (B1 , B2) Three other rabbits from two different litters; 
rabbits in B1 have now proved to be fertile. 



Reconstructed em-bryos and oocytes were then incubated 
for 1 h in Ml 99 at 38°C. Then, the second set of pulses was 
applied to induce activation. NT embryos and oocytes 
were incubated for 1 h at 38 °C in Ml 99 containing 5 ug/ml 
CHX (Sigma) and 2 mM 6-DMAP (Sigma), then ret-umed 
to culture in a 50 microdrop of B2 medium 
(Laboratoire CCD, Paris, France) supplemented with 2.5% 
FCS under mineral oil (catalog no. M8410; Sigma) at 38°C 
under 5% C0 2 in air. 

Analysis of preimplantation stages. Microtubule organi- 
zation and chromatin in one-cell NT embryos were 
observed as already described 19 , except that fixation lasted 
20 min at 37°C and the mounting medium was Vectashield 
(Vector Laboratories. Burlingame, C A) . Development rates 
until blastocyst stage were assessed after in vitro culture for 
3 and 4 days. For cell number evaluation, embryos were 
fixed as above, stained with Hoechst 33342 at a concentra- 
tion of 1 ug/ml, then mounted on well slides in Vectashield 
and monitored under epifluorescence. 

Analysis of peri-implantation stages and in vivo develop- 
ment. Recipient females were mated to vasectomized males 
either at the same time (synchronous recipients), or 16 h 
or 22 h after the oocyte donors (asynchronous recipients). 
NT embryos were transplanted surgically through the 
infundibulum into each oviduct of recipients either at the 
one-cell stage (1-3 h post-activation) or at the four-cell 
stage (after an overnight culture). Implantation rate was 
assessed after killing of recipients at day 8 (D8). When vis- 
ible, embryonic disks of blastocysts were measured micro- 
scopically (160x). Pregnancy was determined by palpation 
13 or 14 days after embryo transplantation and the preg- 
nant recipients delivered by caesarian section at 31 days 
post mating. 



Contemporary cumulus cells were obtained from the New Zealand 
breed or Fl New Zealand x Fauve-de-Bourgogne or Fl transgenic New 
Zealand females harboring a DNA construct with the coding sequence of 
the enhanced green fluorescent protein (EGFP) placed under the control 
of an elongation factor 1 (EF1) promoter. EGFP fluorescence and PCR 
amplification were used as markers of donor cumulus cells. These were 
kept at 38°C in Ca 2+ ,Mg 2+ -free PBS supplemented with 1% 
polyvinylpyrrolidone (PVP) 40,000 (Sigma) before being used as a source 
of nuclei. 

Oocyte activation and nuclear transfer. To reconstruct NT embryos, indi- 
vidual cumulus cells were inserted by micromanipulation under the zona 
pellucida of the enucleated oocytes. NT embryos and Mil oocytes were 
activated 18-20 h post-hCG as follows. Two sets of electrical stimulation 
were applied 1 h apart with a BTX stimulator (Biotechnologies & 
Experimental Research Inc., San Diego. CA) (3 DC pulses of 3.2 kV/cm for 
20 us each in mannitol 0.3 M in water containing 0.1 mM CaCl2 and 
0.1 mM MgClz). The first set induced the cumulus cell-oocyte fusion. 



PCR analysis. The presence of the GFP transgenic marker 
was detected by PCR using a sense (5'-GAGTTTG- 
GATCTTGGTTCAT-3') and an antisense 
(5'-GGCACGGGCAGCTTGCCGGTGG-3') primer 
(Genset. Paris. France). To control the DNA quality, PCR 
was performed on 300-400 ng of DNA prepared with tis- 
sue extraction kit (Qiagen, Valencia, CA) with the sense 

primer, 5'-TTTTCCTGGATCATGCCTGGCAC-3\ and the 

antisense primer, 5'-CTACCTGTAGCAGCTTACCCA-3', 
covering the exon 10 of the rabbit CFTR gene (Genset). Negative controls 
were double-distilled water and recipient female DNA, while positive con- 
trols were DNA from transgenic cultured fibroblasts. 
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inaicate a distribution of the presumptive 
auxin carriers part way up the sides of 
the cells in addition to the base would 
easily allow a lateral component to auxin 
transport if either only one side's carri- 
ers were activated or if basal and "other 
side" carriers were inhibited. Such dif- 
ferential activation of the auxin anion 
carriers is a concept already being incor- 
porated into theoretical models of auxin 
transport in, for example, the geotropic 
response of stems {21). 

The association of the labeled cells 
with vascular bundles in pea stems ap- 
pears to be in general agreement with 
recent evidence from peas (6) that indi- 
cated a preferred auxin transport path- 
way within the vascular cylinder, specifi- 
cally in cambium, procambium, and 
phloem initial cells. At this point, how- 
ever, it is impossible for us to exclude 
the possibility that differential fluores- 
cent labeling of cell and tissue types 
within our sections is due solely to such 
factors as differential penetration of cell 
walls by the immunoglobulin G antibody 
or a concentration of NPA binding sites 
in nonlabeled cells (or nonlabeled parts 
of basally labeled cells) that is too low to 
allow the development of a clear fluores- 
cent signal. These alternatives deserve 
further investigation. 

To our knowledge, this is the first 
report of monoclonal antibodies used to 
label plant tissue. Such antibodies are 
useful in that they can recognize a single 
antigenic site. Thus, one need not have a 
purified protein in order to obtain anti- 
bodies which specifically bind to it. We 
have obtained monoclonal antibodies 
that recognize an antigenic determinant 
of the NPA receptor in peas and have 
used them to identify that receptor at the 
basal ends of a population of pea stem 
parenchyma cells. In view of previous 
evidence linking NPA action to auxin 
efflux from cells and our present finding 
that the NPA binding site recognized by 
the monoclonal antibody used in our 
fluorescent localization studies can inter- 
act with auxin, these results strongly 
suggest that the auxin anion carrier of 
the chemiosmotic hypothesis is located 
at the basal plasma membrane of trans- 
porting cells. 

Mark Jacobs 
Scott F. Gilbert 
Department of Biology, 
Swarthmore College, 
Swarthmore, Pennsylvania 1908 J 
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Nuclear Transplantation in the Mouse Embryo by 
Microsurgery and Cell Fusion 

Abstract. Nuclear transplantation in the mouse embryo was achieved by using a 
method that combines microsurgical removal of the zygote pronuclei with the 
introduction of a donor nucleus by a virus-mediated cell fusion technique. Survival of 
embryos was greater than 90 percent in tests of this procedure. The embryos 
developed to term at a frequency not significantly different from that of nonmanipu- 
lated control embryos. Because nuclei and cytoplasm from genetically distinct 
inbred mouse strains can be efficiently interchanged, this procedure may be useful in 
characterizing possible cytoplasmic contributions to the embryonic and adult 
phenotype. 



Nuclear transplantation studies in the 
amphibian embryo have provided valu- 
able information about the possible re- 
striction of nuclear potential during de- 
velopment (/). Similar experiments in 
the mammalian embryo are hindered by 
the small size of the embryo and its 
sensitivity to microsurgical manipula- 
tion. Despite these obstacles, transplan- 
tation of donor nuclei obtained from in- 
ner cell mass cells was recently reported 
in the mouse embryo (2, 3). In those 
experiments, however, many of the ma- 
nipulated embryos were lost because the 
plasma membrane was disrupted by a 
micropipette. We report a nuclear trans- 
plantation technique that avoids this loss 
by not requiring penetration of the em- 
bryo's plasma membrane with a micropi- 
pette. When pronuclei from a second 
one-cell stage embryo served as the nu- 
clear donor, almost all embryos receiv- 
ing this material survived the procedure 
and developed to term at a frequency 
comparable to that of unmanipulated 
control embryos. 



Mouse embryos were incubated be- 
fore and during microsurgery in cytocha- 
lasin B (2-5) and Colcemid. The embryo 
was secured by a holding pipette and the 
zona pellucida was penetrated with an 
enucleation pipette (Fig. 1). Penetration 
of the plasma membrane was avoided 
and the pipette was advanced into the 
embryo at a point adjacent to a pronucle- 
us. Upon aspiration, a small portion of 
ovum plasma membrane and surround- 
ing cytoplasm was drawn into the pi- 
pette, followed by the pronucleus. The 
pipette, now containing an entire pronu- 
cleus, was then moved to a point adja- 
cent to the second pronucleus and the 
latter was similarly aspirated. As the 
enucleation pipette was withdrawn, a 
cytoplasmic bridge could be seen ex- 
tending from the pronuclei in the pipette 
to the embryo (Fig. 1A). With continued 
withdrawal of the pipette, this bridge 
stretched to a fine thread and pinched off 
(Fig. IB). The pipette, which now con- 
tained the membrane-bound pronuclei 
(pronuclear karyoplast), was moved to a 



Table I. Efficiency of the nuclear transplantation technique. 



Genotype 



Enucleation* 



Karyoplast 
injectiont 



Fusion* 



24 of 26 
35 of 35 
II of 12 
70 of 73 (96) 



24 of 24 
34 of 35 
10 of 1 1 
68 of 70 (97) 



23 of 24 
34 of 34 
10 of 10 
67 of 68 (99) 



C3H/HeJ 
C57BL/6J 
ICR 

Total (%) _ 

•Number of embryos surviving microsurgical removal of both the male and female pronuclei per total number 
of embryos. tNumber of pronuclear karyoplasts surviving injection intp the penvitelline space of the 
recipient embryo per total number of karyoplasts injected. tNumber of pronuclear karyoplasts fusing 
with the recipient embryo per total number of karyoplast-mjected embryos. 
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second drop containing Sendai virus in- 
activated with p-propioiactone (2000 to 
3000 hemagglutinating units per millili- 
ter), and a small volume of virus suspen- 
sion, approximately equal to the volume 
of the pronuclear karyoplast in the pi- 
pette, was aspirated. The pipette was 
then moved to a third drop containing a 
previously enucleated embryo. The zona 
pellucida of this embryo was penetrated 
at the previous site of enucleation, and 
the virus suspension and pronuclear kar- 
yoplast were injected sequentially into 
the peri vitelline space (Fig. 1C) (6). The 
pipette was withdrawn and the embryo 
was incubated at 37°C. Fusion of the 
pronuclear karyoplast with the enucleat- 
ed embryo usually occurred during the 
first hour of incubation (Fig. ID). 

Thus, with this procedure, it is possi- 
ble to transfer the nuclei from one em- 
bryo to another without penetrating the 
plasma membrane. Furthermore, it be- 
comes possible to use large-bore pi- 
pettes, which are necessary to accom- 
modate pronuclei but are highly disrup- 
tive in existing mechanical microinjec- 
tion techniques. 

To determine the overall efficiency of 
this transplantation procedure and its 
effects on subsequent development, we 
transplanted pronuclei between geneti- 
cally distinct one-celled mouse embryos 
and transferred to the uteri of pseudo- 
pregnant females those embryos that had 
developed to the blastocyst stage after 5 
days in vitro. Control embryos isolated 
at the one-cell stage were similarly cul- 
tured and transferred to the uteri of 
pseudopregnant females, but were not 
exposed to cytoskeletal inhibitors or in- 
activated Sendai virus. Of 73 experimen- 
tal embryos, 70 (96 percent) were suc- 
cessfully enucleated, and of the 70 pro- 
nuclear karyoplasts obtained, 68 (97 per- 
cent) were successfully introduced (with 
Sendai virus) into the perivitelline space 
of enucleated zygotes (Table 1). After 
incubation at 37°C, 67 (99 percent) of 
these karyoplasts fused to the plasma 
membrane of the ovum. The overall effi- 
ciency of nuclear transplantation was 
therefore 91 percent. 

After microsurgery, experimental and 
control embryos were cultured for 5 days 
and the number of embryos successfully 
developing to the blastocyst stage was 
determined. Of 34 control embryos, all 
developed to the morula or blastocyst 
stage (Table 2). Similarly, of the 67 ex- 
perimental embryos, 64 (96 percent) de- 
veloped to the morula or blastocyst 
stage. Transfer of the 34 control embryos 
to the uteri of pseudopregnant females 
resulted in the birth of five progeny (15 
percent), three of which survived to 
adulthood. Transfer of the 64 experimen- 



tal embryos to the uteri of psuedopreg- 
nant females resulted in the birth of ten 
progeny (16 percent), seven of which 
survived to adulthood. These seven off- 
spring all displayed the coat color pheno- 
type of the donor nuclei, and five were 
fertile. 

Thus the technical manipulations in- 



volved in transferring pronuclei from one 
zygote to another did not significantly 
affect the ability of embryos to undergo 
normal development. The high frequen- 
cy of developmental arrest in both the 
experimental and control groups after 
the implantation procedure may have 
resulted from the in vitro culture period 



Table 2. Development of control and nuclear-transplant embryos. The subscripts N and C refer 
to the strain origin of the nucleus and of the cytoplasm, respectively. 



Group and strain 



Developmental stage by day 5 in vitro 
(number of embryos) 



Number 
bom* 





Arrested 


Morula 


Blastocyst 




Control 










C3H/HeJ 


0 


3 


11 


0 


C57BL/6J 


0 


1 


13 


4 


ICR 


0 


1 


5 


1 


Total 


0 


5 


29 


5 


Nuclear-transplant 










C3H/He N to C57BL/6J C 


0 


0 


23 


4 


C57BL/6J N to C3H/He c 


0 


1 


23 


3 


ICR N to C57BL/6J C 


1 


0 


9 


2 


C57BL/6J N to ICR C 


2 


0 


8 


1 


Total 


3 


1 


63 


10 



•Number of offspring born after transfer of morulae and blastocysts inio the uteri of females in the third day of 
pseudopregnancy. 



Fig. 1. Nuclear trans- 
plantation in the 
mouse embryo. One- 
cell stage embryos 
were obtained from 
oviducts excised from 
spontaneously mated 
females on the day of 
vaginal plug detection 
(day 1). Cumulus ceils 
were dispersed in 
Whitten medium (8) 
containing bovine hy- 
aluronidase (500 non- 
filtered units per milli- 
liter). The embryos 
were washed four 
times and cultured to 
the blastocyst stage in 
50-jxl drops of modi- 
fied Whitten medium (9) under silicone oil at 37°C in an atmosphere of 5 percent 0 2 , 5 percent 
C0 2 , and 90 percent N 2 (10). Medium containing cytochalasin B (5 u,g/ml) and Colcemid (0.1 y.g/ 
ml) was prepared weekly, stored at 4°C, and protected from light. Microsurgery was performed 
with Leitz micromanipulators and a fixed-stage Leitz Laborlux II microscope. Holding and 
enucleation pipettes were fashioned from Pyrex capillary tubing (outer diameter, 1.0 mm; inner 
diameter, 0.65 mm). For holding pipettes (outer diameter, 75 to 100 u.m), the capillary tubing 
was hand-pulled over a microburner, placed on a DeFonbrune microforge, broken on a glass 
anvil, and polished. Enucleation pipettes (outer diameter, 15 to 20 u,m) were fashioned with a 
DKI 200 vertical pipette puller and their tips were beveled on a grinding wheel, dissolved in a 
solution of hydrofluoric acid (25 percent), and sharpened on a microforge. They were then 
treated with 100 percent Nonidet P40, rinsed thoroughly, and stored overnight. Before 
microsurgery, groups of six to eight embryos were incubated for 15 to 45 minutes at 37°C in an 
atmosphefeof 5 percent 0 2t 5 percent C0 2 , and 90 percent N 2 in bicarbonate -buffered Whitten 
medium containing cytochalasin B and Colcemid. They were then placed singly in hanging 
drops of Hepes-buffered Whitten medium containing cytochalasin B (5 \L$/n\\) and Colcemid 
(0.1 u,g/ml) in a Leitz oil chamber. Microsurgery was performed as described in text, and^tie 
embryos were washed and returned to the incubator. All microsurgery was performed at room 
temperature. Sendai virus was obtained from the infected allantoic fluid of embryonated 
chicken eggs and inactivated with 0-propiolactone (11-13). (A) Light micrograph of an embryo 
in the process of enucleation. Note the pronuclei in the pipette and the cytoplasmic bridge 
(arrow) between the cytoplasm of the embryo and the pronuclear karyoplast. (B) Light 
micrograph of an enucleated embryo. The pipette contains the pronuclei surrounded by a small 
volume of cytoplasm and a portion of the embryo's plasma membrane. (C) Light micrograph of 
an enucleated embryo after introduction of inactivated Sendai virus and the pronuclear 
karyoplast into the perivitelline space. (D) Light micrograph of an embryo shortly after fusion of 
the pronuclear karyoplast to the enucleated embryo. Note the peripheral location of the 
pronuclei (arrow). 



before implantation, since the intrauter- 
ine transfer of 22 carrier blastocysts that 
had developed in vivo resulted in the 
birth of 17 progeny. The method de- 
scribed here can also be used to intro- 
duce donor nuclei obtained from later- 
stage embryonic cells into enucleated 
zygotes (7). This procedure may there- 
fore aid in further defining the possible 
developmental restriction of nuclei dur- 
ing mammalian embryogenesis. In addi- 
tion, reciprocal pronuclear transplanta- 
tions between genetically distinct one- 
celled embryos may be used to define the 
degree to which maternally inherited cy- 
toplasmic components persist. 

James McGrath 
Davor Solter 

Wis tor Institute of 
Anatomy and Biology. 
Philadelphia, Pennsylvania 19104 
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Relative Brain Size and Metabolism in Mammals 

Abstract. Comparisons of the relation between brain and body weights among 
extant mammals show that brain sizes have not increased as much as body sizes. 
Interspecific increases in brain and body size appear to occur at the same rate, 
however, when the amount of available energy is taken into account. After this 
adjustment, brains of primates are slightly larger than expected from the overall 
mammalian data, but primates also use a larger proportion of their total energy 
reserves for their brains. Analyses of relative brain size must take into account the 
requirements that the metabolically active brain has for the body. 



For the past 50 years the relation of 
brain to body weights among different 
mammalian taxonomic groups has been 
thought to scale allometricaliy at 0.67 (/, 
2), but recent expansion of the data base 
led to estimates of the slope being ap- 
proximately 0.75 (3). The newer and 
larger sets of points may have dispropor- 
tionately increased the numbers of small 
mammals with relatively small brains 
and this alone could produce a steeper 
slope (4). Although the reason for the 
discrepancy between the slopes is not 
known, the mammalian data sets appear 
regular and contain certain consistent 
deviations; anthropoids {1-3, 5) y pinni- 
peds* and odontocetes (5) are highly en- 
cephalized and frugivorous bats are 
more encephalized than insectivorous 
ones (6), a situation that may have paral- 
lels among primates (7). 

The causal factors controlling brain to 
body-weight scaling are not known, but 
it has been conjectured that the scaling 
reflects the functions of the brain for 
analyzing sensory information and con- 
trolling motor output (2, 8). The brain 
controls the body's actions but also 
needs the body for its energy supply. 
The brain is metabolically very active 
and demands a large supply of oxygen 

1302 



and glucose, as much during sleep (9-11) 
as during increased mental activity (9, 
//). Regulation of cerebral homeostasis 
permits small perturbations in the deliv- 
ery of oxygen and glucose, but de- 
creased availability of oxygen or glucose 
are associated with pathological states 
such as coma (9, 10, 12). The metabolic 
relation between the brain and body has 
received attention (3, 13, 14), but its role 
in relative brain size has not been ade- 
quately analyzed {15). It is proposed 
here that the size of the brain will be 
constrained both by the size of the sys- 
tem delivering oxygen and glucose and 
by the rate at which energy can be ex- 
pended on supporting the brain's con- 
stantly high metabolic demands. Body 
weight is a first approximation of the size 
of the storage and delivery systems for 
glucose and oxygen,* and the organism's 
basal (standard) metabolic rate (BMR) 
estimates the amount of available oxy- 
gen and energy per unit time (16). 

In this study brain weights of 93 adult 
mammalian species were collected from 
the literature (1-3, 6, 13, 17) and ana- 
lyzed allometricaliy in terms of both 
body weight and body mass times the 
metabolic rate. These adjusted body 
weights parallel the animal's caloric ex- 



penditure. Only species that had brain 
weights, body weights, and BMR's (in 
cubic centimeters of 0 2 per 100 g per 
minute) were used. If the studies in 
which the species-specific brain weight 
and BMR were determined used individ- 
uals of a species whose body weights 
differed by more than 10 percent, the 
BMR was adjusted (13). Rates of total 
brain metabolism measured with the 
Kety-Schmidt technique were also taken 
from the literature (13). Linear regres- 
sions and principal axes were used to 
study the relation among the logarithmi- 
cally transformed data. Comparisons of 
intercepts or adjusted group means are 
based on analyses of covariance (N - 3 
degrees of freedom) and reported as /- 
tests (Table 1). 

The overall picture of the regression of 
brain weights against body weights re- 
sembles other mouse-to-elephant curves 
(Fig, 1). The relation is best described by 
the linear regression equation log 
E = -1.28 + 0.76 log S [r = .976, 95 
percent confidence limits of the slope 
(els) = 0.743 to 0.779], where E = brain 
weight and S « body weight; (slope of 
the principal axis = 0.761). The slope 
from these data is very close to recent 
estimates (3) and higher than the 0.67 
slopes reported earlier (/, 2, 5). Although 
primates (log E = -1.11 + 0:81 log 5; 
95 percent els = 0.693 to 0.927; 
r = .973) have larger relative brains 
compared to all other mammals (log 
E = -1.29 + 0.74 log S; 95 percent 
els = 0.707 to 0.776; r = .983), the pin- 
nipeds and odontocetes have relatively 
big brains with values overlapping those 
of large anthropoids (18). Furthermore, 
the pinnipeds and odontocetes have larg- 
er relative brain sizes than do terrestrial 
ungulates (artiodactyls, perissodactyls, 
and elephant). Frugivorous bats have 
bigger brains per body weight (79) than 
insectivorous bats, corroborating earlier 
reports (6, 7) (Table 1). Because only one 
insectivorous primate, Galago demidovii 
(20), was included in this sample, statisti- 
cal analyses were not run on dietary 
differences among primates. 

For this mammalian sample, the 
amount of 0 2 consumed per body weight 
is described by the equation log 
BMR = 0.84 - 0.269 log 5 (95 percent 
els = -0.292 to -0.248; r = -.93; prin- 
cipal axis slope = -0.270), anchhe slope 
is close to the predicted -0.25 one (21). ! 
The unexplained variance for BMR to ! 
body weight is higher than that for brain 
to body weight, reflecting either an in- 
crease in measurement error or a larger 
biological variation. Several taxonomic 
deviations from the overall trend occur 
here too. Primates (log BMR = 0.60 - 
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Embryos from the one-cell stage through to the blastocyst stage (0.5-3.5 days p.c.) 
can be transferred into the reproductive tract of a pseudopregnant recipient to 
complete their development. Embryos from the one-cell through the morula stage 
(0.5-2.5 days p.c.) are transferred into the ampullae of 0.5-day p.c. pseudopregnant 
recipients, whereas 3.5-day blastocysts are transferred into the uterine horns of a 
2.5-day p.c. (or at the very latest a 3.5 day p.c.) pseudopregnant recipient. The 
former procedure is called an oviduct transfer and can only be performed with 
embryos enclosed within a zona pellucida. The latter procedure is referred to as 
a uterine transfer and for this type of transfer the embryos need not have a zona 
pellucida. The reason for transferring embryos into a female at an earlier age of 
pseudopregnancy is to give the embryo time to "catch up" in its development be- 
fore being exposed to conditions favorable for implantation. In general, for both 
procedures, 50-75% of unmanipulated embryos will develop to term. Ideally, 
enough embryos should be transferred to give a litter size of five to seven. If there 
are only one or two embryos in the uterus they may grow too big to be born 
without being damaged. Also, mothers may not take care of small litters. If the 
litters are too large (more than 10) then a few may grow up small, with a risk of 
being sterile. Provided that they have been given embryos injected with the same 
DNA, two foster mothers can be placed in the same cage after the transfer opera- 
tion. They will subsequently help each other bring up a joint litter. 
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Oviduct Transfer 

EQUIPMENT 

Avertin (anesthetic) 
Animal balance 
1-cc syringe 
26-gauge, 1/2-in. needle 
Animal clippers (optional) 
70% ethanol 

Tissues (several rolled into small swabs are useful for soaking up 

any blood) 
Dissection scissors 

Two #5 watchmaker's forceps (clean and sharp) 
One blunt fine forceps 
Surgical silk (size 5-0) 

Curved surgical needle (e.g., size 10, triangular, pointed) 
Serafine (1.5 in. or smaller) 

Two steromicroscopes ideally (one for the operation, one for load- 
ing the embryo transfer pipet) 
Fiber optic illuminator 
Transfer pipet and mouth pipet 
Alcohol burner 

Wound clips and clip applicator 

Lid of 9-cm plastic petri dish or glass plate 

The recipients should be females, at least 6 weeks of age and >20 g in weight, 
mated to vasectomized males the evening before the transfer. Therefore, the fe- 
males will be approximately 0.5 day p.c. pregnant at the time of the transfer. F, 
hybrid (e.g., C57BL/6xCBA or C57BL/6xDBA) or outbred females, such as Swiss 
albino mice, make good foster mothers. It is a good idea to have excess pseudo- 
pregnant females available in case the dissection of the oviducts is unsuccessful. 
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4. Transfer the embryos. 

a. Sterilize all instruments by dipping them in 100% ethanol and flaming them 
with the alcohol burner. After wiping the mouse's back with 70% ethanol, 
make a small transverse incision (less than 1 cm) with the dissecting scissors, 
about 1 cm to the left of the spinal cord, at the level of the last rib (Fig. 52). 
Wipe the incision with 70% alchohol to remove any loose hairs. 

b. Slide the skin around until the incision is over the ovary (orange) or fat pad 
(white), both of which are visible through the body wall. Then pick up the 
body wall with the watchmaker's forceps and make a small incision just over 
the ovary Stretch the incision with the scissors to stop any bleeding. With a 
surgical needle, thread a piece of silk suture through the body wall so that 
the body wall will be easy to locate later. With the blunt forceps, pick up the 
fat pad and pull out the left ovary, oviduct/and uterus, which will be at- 
tached to the fat pad. Clip the serafine onto the fat pad and lay it down over 
the middle of the back, so that the oviduct and ovary remain outside the 
body wall. 

c. Gently pick up the mouse and place it with head to the left on the stage of 
the stereomicroscope. This procedure is easier if the mouse is laid out ini- 
tially on the lid of a petri dish or on a glass plate. 
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Figure 52 Mouse prepared for oviduct transfer. [A) The anesthetized mouse is placed on 
a petri dish lid for ease of handling. Ovary, oviduct, and proximal end of the uterus are 
held outside the body by means of a serafine clip attached to the fat pad above the ovary. 
The incision in the body wall is located with a suture thread. (B) The ovary /oviduct/uterus 
are held outside the body cavity by a serafine attached to the fat pad above the ovary. 
The orientation shown here gives easy access to the oviduct for transfer of embryos by 
the technique described in the text. After returning the uterus, etc., to the body cavity, 
the incision is located and closed by the thread through the body wall. In this demonstra- 
tion the hair around the incision has not been shaved; this is an optional step that may be 
helpful when carrying out the procedure for the first few times. 
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d. Under the stereomicroscope locate the opening (infundibulum) to the ovi- 
duct and the swollen ampulla underneath the bursa (a transparent mem- 
brane over the oviduct and ovary). Arrange the mouse, oviduct, etc., so that 
the pipet can enter easily (Fig. 53). It is most convenient to have the head to 
the left and the ovary, etc., pulled to the rear with the serafine. With two 
watchmaker's forceps, tear a hole in the bursa over the infundibulum. Be 
careful not to tear through any large blood vessels. 

e. Pick up an edge of the infundibulum or the bursa near the infundibulum 
with fine forceps and then insert the pipet down the opening to the ampulla. 
Blow until both air bubbles 2 and 3 have entered the ampulla. 

f. Unclip the serafine and remove the mouse from the stereomicroscope. With 
the blunt forceps, pick up the fat pad and push the uterus, oviduct, and ovary 
back inside the body wall. Sew up the body wall with one or two stitches 
(optional) and close the skin up with wound clips. 

5. Repeat steps 3 and 4 to transfer additional embryos to the right oviduct, if 
desired. 

6. At the end of the operation, return the mouse to its cage and leave undisturbed 
in a warm, quiet place. It should recover from the anesthetic in about 20-30 
minutes. 

Rafferty (1970) and Dickman (1971) describe slightly different procedures for 
oviduct transfer. 
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Figure S3 Detail for oviduct transfer. The oviduct is surrounded by a thin transparent 
bursa or membrane containing blood vessels. Make a small incision in the membrane 
(avoiding blood vessels), locate the end of the oviduct (infundibulum), and hold the edge 
with fine forceps while inserting the tip of the transfer pipet. 
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